REVIEWS 


VoL. 19 JANUARY, 1939 No. 1 


THE REACTION OF MUSCLE TO DENERVATION 


SARAH 8S. TOWER 
Depariment of Anatomy, Johns Hopkins University 


The atrophy and degeneration of denervated skeletal muscle have 
generally been held to constitute the outstanding demonstration, by 
elimination, of trophic control of a non-nervous tissue by the nervous 
system. This review is primarily an inquiry into the nature of the 
changes taking place in denervated muscle, with the object of uncovering 
the mechanism of their production. The results of this inquiry will 
then be reinterpreted in an effort to establish the scope and character 
of the neurotrophic relationship previously operative. A priori, the 
trophic influence could be exercised by physical integrity of innervation, 
either by substantial transfer from nerve to non-nervous tissue of neuro- 
humors or other materials, or by more subtle interaction. Or it could 
derive from activity in the non-nervous tissue of nervous initiation. 
Or, since the agency of trophic influence need not necessarily be single, 
both could codéperate. 

The problem of mechanism in the production of atrophy and degen- 
eration in muscle may be resolved into two major parts. The simpler 
of these concerns the question: which of the several components of 
peripheral innervation, motor, sensory, sympathetic, possibly para- 
sympathetic (posterior root efferent or other) determine in their elimina- 
tion the onset of the regressive changes. This is a separate problem 
for the extrafusal muscle fiber and for the two parts, polar and equa- 
torial, of the intrafusal fiber. The more difficult problem concerns the 
nature of the changes resulting from interruption of any one or of all 
of the components of peripheral innervation. Most of the observations 
on the reaction of muscle to denervation relate to total denervation, and 
consider the extrafusal muscle only. These will be described first. The 
problem of the share of the components of peripheral innervation in this 
reaction will then be taken up, followed by the special observations and 
problems relating to the spindle. The facts thus marshalled will then 
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be analysed for the mechanism of the reaction of muscle to denervation. 
Finally, the nature of the normal neurotrophic relationship thus de- 
stroyed in denervation will be examined. 

REACTION OF Muscie To TotaL DENERVATION. PHYSIOLOGICAL OB- 
SERVATIONS. The outstanding functional result of denervating skeletal 
muscle is unquestionably the development of spontaneous, continuous, 
rhythmical contraction. This “fibrillation” is, however, delayed in 
onset for several days, while changes in the excitability of the muscle to 
direct and indirect stimulation, and in the form of contraction develop 
sooner. In general, physiological studies have concentrated on the 
fully developed reaction to denervation of the second to fourth week 
after nerve section, neglecting to examine the onset of the reaction in 
the very first days, while only scattered observations on man are avail- 
able to complete the picture in its later stages. 

Excitability: Changes in excitability were among the earliest recog- 
nized aspects of the reaction of muscle to denervation, involving a 
diminution of excitability to faradic current, and an increased excita- 
bility to galvanic current or to mechanical stimulation. In spite of this, 
there is still no thoroughgoing study of excitability in terms of the 
strength-duration function which covers the onset and long course of 
changes following maintained denervation of skeletal muscle. Richter 
(1936) has examined the function in a limited way during the first 
48 hours after nerve section in rats. He found that after 6 hours the 
chronaxie of the muscle was definitely shortened, remained so for a 
few hours, became normal again for 24 to 36 hours and then began to 
rise. Holobut and Jalowy (1936), in a correlated morphological and 
physiological study beginning 15 hours after sciatic section in the rat, 
reported that up to 24 to 48 hours, when the motor end-plates in the 
gastrocnemius muscle were visably altered, both rheobase and 
chronaxie of the muscle were still normal. This would coincide with 
Richter’s second normal interval. Thereafter as the nerve became 
inexcitable 3 to 5 days after section, the chronaxie of the denervated 
muscle began to increase. Neither of these studies, however, gives the 
full strength-duration curve; only figures for rheobase and chronaxie. 

For the later development of changes in the excitability of denerv- 
ated muscle the best data available are from man. Adrian (1917) 
published strength-duration curves taken from the 3rd to the 60th day 
after onset of a facial paralysis of unstated etiology. For the first 8 
days the curves remained absolutely unchanged. From the 12th 
through the 15th days, and again after the 33rd day when signs of re- 
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generation appeared, the strength-duration curves showed a discon- 
tinuity, indicative of two mechanisms of excitation, one rapid and one 
slow. The rapid curve, which was the only curve up to the 12th day, 
was obtained with the cathode on the nerve as well as on the muscle, 
but its presence in the muscle as late as 15 days after the onset of pa- 
ralysis hardly permits of its being ascribed to nerve alone. From the 
16th day through the 28th day only the slow curve was obtained, and 
from its first appearance on the 12th day to the 28th day, this chronaxie, 
considered as of the muscle, increased from 0.008 to 0.032 second, show- 
ing that the process of atrophy may be attended by progressive length- 
ening of chronaxie. In an earlier study Adrian (1916) had already 
presented more evidence of similar import. 

From Adrian’s studies it appears that the short chronaxie of normal 
muscle in situ, which is also the chronaxie of the motor nerve, disap- 
pears completely after destruction of the nerve, but without preliminary 
modification. As this goes, a long chronaxie comes into effect which 
is in all cases many times (10 to 100) the normal. The value of this 
chronaxie is determined by the degree of wasting of the muscle such that 
in the early stages after denervation, while wasting is rapid, chronaxie 
lengthens progressively, while in later stages, when wasting is much 
slowed:up and perhaps even at a standstill, chronaxie is correspondingly 
stable. The very late state of fibrosis and virtual inexcitability has not 
been examined for chronaxie, if indeed it could be. Adrian did not 
identify his strength-duration curves by the usual symbols, but the slow 
curve is obviously the a curve, and the fast, probably 6. Although 
Adrian is alone in describing discontinuity of strength-duration function 
after denervation, he is also apparently alone in making the repeated 
examination of the full function which will demonstrate it. 

Contractility: Denny-Brown (1929) fixed the onset of the degen- 
eration of skeletal muscle as a contractile structure as early as two min- 
utes after nerve section. At this time he found that the duration of 
contraction of cat’s muscle in situ on nerve stimulation was appreciably 
lengthened, while parallel with the lengthening duration, the tension 
of maximal twitch or maximal tetanus fell off. After a rapid change in 
the first 2 to 10 minutes, further deterioration was slow. ‘These results 
were obtained equally with peripheral nerve or ventral root section, 
de-afferentation having no influence. Since it is generally agreed that 
the nerve fibers themselves continue to function for considerably more 
than 24 hours, the loss of tension in this interval cannot represent 
dropping out of nerve fibers with corresponding reduction in the number 
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of muscle fibers contracting, but must represent a change in the con- 
tractility of the muscle fibers themselves. So far, these potentially 
extremely significant results are unconfirmed. Contrarily, Cook and 
Gerard (1931) detected no falling off in the maximal response of dog’s 
muscle to nerve stimulation from the first half-hour to 30 to 40 hours 
after nerve section. 

Toward the end of the first week or beginning of the second week 
after nerve section, direct electrical stimulation of muscle brings out 
clearly the prolongation of contraction which is characteristic of the 
response of denervated muscle to forms of stimulation as diverse as 
mechanical, electrical and pharmacodynamical, and which was, perhaps, 
prefigured in Denny-Brown’s results. Indirect excitability has failed 
some days previously. Strong induced shocks, though not weak ones, 
show the prolongation, but stimuli of longer duration are much more 
effective. In the course of the second week two definite components of 
contraction become unmistakable, a twitch as brisk as the response of 
normal muscle, followed by a sustained contraction, or contracture. 
Roberts (1916) recorded the response of denervated rabbit’s muscle 
to electrical stimulation and showed that the two components are 
separable on the basis either of threshold or of fatiguability, the brisk 
contraction being both more easily excited and fatigued. Red and 
white muscle behaved similarly in the form, in the time of onset, and 
in the rate of development of the changes in contraction following 
denervation. 

The contractile response to acetylcholine stimulation has been more 
thoroughly examined, particularly recently with the technique of close 
intra-arterial injection (Brown, 1937; Rosenblueth and Luco, 1937). 
The first phase of quick contraction resembles the response of normal 
muscle to acetylcholine in all except the very much smaller dosage 
required to elicit it, and a longer duration. The second phase of slow 
contraction has long been familiar as acetylcholine contracture. Again, 
the quick contraction has the lower threshold, for small doses of acetyl- 
choline may excite only quick contraction, larger doses being required 
to produce contracture. 

The electrical activity of denervated muscle resembles that of normal 
muscle in the phase of quick contraction. Acetylcholine produces a 
brief outburst as in a brief tetanus, and electrical stimulation, either a 
single burst or a tetanus depending on whether single or repetitive 
stimulation is applied. Rosenblueth and Luco likewise found that 
throughout the prolonged contraction remainders of electrical stimula- 
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tion, spike potentials continue with increased amplitude and frequency. 
Acetylcholine contracture, on the contrary, follows on and curtails the 
quick contraction both mechanically and electrically, and may produce 
an electrical “silence’’ lasting ten minute or more, introducing a phe- 
nomenon of refractoriness which has so far not been observed with the 
other forms of stimulation described. However, the oscillographic re- 
cording systems used by Brown and by Rosenblueth and Luco were 
incapable of registering slow potential changes. Using a string gal- 
vanometer, .Schiffer and Licht (1926) found that both acetylcholine 
contracture and the related pseudo-motor contracture are accompanied 
by a slow monophasic negative potential in muscle. 

In addition to refractoriness, acetylcholine stimulation introduces a 
second special phenomenon in sensitization, whereby amounts of this 
substance which are entirely inadequate to excite normal muscle, suffice 
to excite both quick and slow contraction in denervated muscle. Other 
stimulating substances also show this (Dale and Gasser, 1926). This 
acetylcholine sensitization underlies both the artificially excited pseudo- 
motor contractures of motorially denervated muscle (Dale and Gaddum, 
1930), which depend upon intact vasodilator fibers, and the naturally 
occurring fright contraction recently observed by Bender (1938) in the 
denervated facial muscle of monkeys. 

The time-course of development of the changes in contraction has 
never been carefully examined with direct electrical stimulation of 
muscle. More data have recently become available from acetylcholine 
stimulation, giving an onset much earlier than had previously been 
thought, preceding, indeed, or attending abolition of indirect excita- 
bility of the muscle. Obviously the quick contraction is carried over 
from the normal state, weakening rapidly, although just when it begins 
to weaken is not too clear. Brown (1937) reported that in the one cat 
examined on the 4th day after nerve section, in which the threshold for 
acetylcholine was not lower than half the normal value, the slow con- 
traction was only just visible, while 6 days after denervation both 
sensitization and slow contraction appeared to be fully developed. 
Knowlton and Hines (1937) found for the rat that both acetylcholine 
sensitization and the slow contraction, or contracture, appeared be- 
tween the 2nd and 3rd days.after nerve section, reached after 7 days a 
maximum which was maintained for about 3 weeks, and then declined. 
Heidenhain’s (1883) description of the time course of development of the 
pseudo-motor contracture in the dog’s tongue accords almost exactly 
with these results of Knowlton and Hines: onset on the 4th day, maxi- 
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mum by the 8th or 9th, constancy to the end of the 3rd week, and then 
decline accompanying nerve regeneration. Unfortunately, the time- 
course of development of changes in contraction and in chronaxie have 
never been examined together, nor even separately but adequately in 
the same species. Nevertheless the correlation is unmistakable between 
weakening and disappearance of quick contraction and rapid chronaxie, 
and the development of slow contraction and of slow chronaxie. 

After the second month the response of denervated muscle to direct 
electrical stimulation has been examined only in the intact animal or in 
man, with general agreement for both that it becomes progressively more 
sluggish. From this it may be inferred that the quick contraction 
weakens, and perhaps disappears completely. But the slow component 
must also finally weaken, because the power of contraction diminishes 
steadily as the muscle wastes, even to nothing. How long muscle can 
survive denervation is still an open question, but one which should be 
answered in terms of survival of contractility. Here the experimental 
animal has contributed little because observation has rarely been con- 
tinued more than a few months, and contractility survives easily for 
this time. Of quite another order of magnitude are some durations of 
survival in man. Sherren (1908) has put on record a case in which the 
muscles reacted to constant current although the musculospiral nerve 
had been divided for 23 years. And Duel (1932) has reported two cases 
of facial paralysis of surgical origin of 13 and 18 years’ duration, with 
verification at operation of the completeness of the nerve section in the 
latter, in which the facial muscle responded to galvanic current but not 
to faradic. After a repair operation, both cases made a demonstrable 
recovery of function, the longer standing case recovering the faradic 
response. 

“Reaction of degeneration’’ in muscle: Since the time of Erb (1868, 
1869) certain aspects of the changed response of muscle to electrical 
stimulation through the skin have been recognized and designated as the 
“reaction of degeneration,’ and considered pathognomonic of partial or 
complete denervation of the muscle. With stimulation of the nerve 
these are: increased excitability to faradic current 2 to 3 days after nerve 
injury, followed by diminished excitability to faradic and galvanic cur- 
rents to the point of extinction after 7 to 12 days. With stimulation 
of the muscle at its motor point they are: diminished excitability to 
faradic current to the point of practical extinction in the second week; 
diminished excitability to galvanic current in the first week, followed by 
increased excitability and a change in the form of the response from a 
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brief twitch on make and break of the current, to a sluggish, sustained 
contraction; and by reversal such that the cathodal closing stimulus, 
normally the most effective, becomes less effective than the anodal 
closing stimulus. This state continues for some months, but is then 
followed by progressive diminution of excitability even to constant 
current unless regeneration sets in. Erb also described the increased 
mechanical irritability of denervated muscle. In man, the reaction of 
degeneration is usually clear-cut ten days after a peripheral nerve 
lesion, and .similarly in the cat and dog. But in the rat (Hines and 
Knowlton, 1933), in which all aspects of change following denervation 
progress rapidly, the reaction of degeneration is typical as early as the 
third day. 

“Reaction of degeneration’”’ is primarily a clinical concept, with limi- 
tations imposed by clinical method which from a physiological point 
of view amount to error. Thus faradic excitability of the muscle is 
abolished in the second week only if the stimulus be applied and observa- 
tion be made through the intact skin. If the muscle is stimulated and 
observed directly, a response to faradic stimulation may be obtained for 
months. The formula KCC>ACC, and its reversal by denervation, 
are also subject to special conditions. Roberts (1916) showed for man 
that the greater effectiveness of KCC over ACC holds only at the motor 
point of muscle,—that is, where the nerve is most accessible. Muscle 
tissue itself, normal or denervated, responds variably, but on the whole 
equally to KCC and ACC. 

Fibrillation: Observed originally by Schiff in 1851, and carefully 
studied by him, noted again by Rogowicz (1885), and again by Ricker 
(1901) as ‘tremor’ in denervated muscle, rediscovered and carefully 
studied again by Langley and Kato (1915a) and made by Langley the 
basis of his understanding of muscular atrophy, and repeatedly observed 
since, the phenomenon of spontaneous, continuous, rhythmical con- 
traction in denervated muscle still has made remarkably little im- 
pression. 

Except in the tongue, or as magnified by the length of the rabbit’s or 
cat’s whiskers (which are moved by striated muscle innervated by the 
VII nerve), the fibrillation of denervated muscle is visible in the experi- 
mental animal only on direct examination of the exposed muscle, pref- 
erably with strong, oblique illumination. It is not appreciably through 
the skin, nor even through a heavy fascia such as the antebrachial fascia. 
Elsewhere than in the tongue, denervation-fibrillation has generally 
not been recognized as such in human muscle. But recently, first 
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Grund (1937) discovered that the fibrillation in two cases of amyotrophic 
lateral sclerosis was not abolished by spinal anesthesia; then Russel, 
Odum and McEachern (1938) found that novocain block of the common 
peroneal nerve failed to influence the fibrillation in three cases of progres- 
sive muscular atrophy, forcing the conclusion in both these studies that 
the fibrillation was of peripheral origin. This raises the question con- 
cerning the fairly coarse fibrillation seen through the skin in many 
conditions in man: to what extent, or in what types of case is such 
fibrillation properly ascribed to irritative degeneration of anterior horn 
cells, with all the fibers innervated from one motor horn cell contracting 
synchronously; to what extent does it represent the fibrillation of dener- 
vated muscle fibers, perhaps with some form or degree of peripheral 
synchronization enhancing mechanical effectiveness. Denny-Brown 
and Pennybacker (1938) have attempted to answer this question by dis- 
tinguishing between “fibrillation” and ‘‘fasciculation”’ in muscle, but in 
view of the other work just described, in which the fibrillation was 
evidently quite gross, uncertainty exists if this primarily quantitative 
distinction is basic, if more critical procedures such as nerve block are not 
required. 

The fibrillation begins on the third day in the rat’s gastrocnemius 
(Hines and Knowlton, 1933), and on the fifth at the earliest in the cat’s 
(Langley and Kato, 1915a). It is most conspicuous a few days after 
onset and weakens thereafter as the muscle wastes, but in every case 
reported it has continued for the duration of observation unless rein- 
nervation of the muscle supervened, in Schiff’s experiments for three to 
four months, and in some unpublished studies of my own for one year. 
Just how long fibrillation can continue is a matter for speculation only, 
but probably so long as the muscle survives as a contractile tissue. In 
this connection an observation made by Proebster (1928) may be per- 
tinent. The case was one of congenital paralysis in a thirteen year old 
boy, probably from traumatic birth injury; the left biceps had 75 
normal strength and the right, 3; the left biceps, when at rest, showed 
continuous, small, irregular action currents of a frequency around 110c; 
neither the right biceps nor normal muscle showed these, but other cases 
of longstanding postpoliomyelitic paralysis did. This intramuscular 
process produced no fibrillation visible through the skin, nor other overt 
action, and no subjective sensation. Although Proebster considered 
that these action potentials in apparently quiet muscle must represent a 
periodic discharge from the central nervous system, in the absence of 
decisive evidence such as might have been obtained by producing a 
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temporary nerve block to the muscles in question, it is equally possible 
that they represented the electrical counterpart of the fibrillation of 
denervated muscle. In form, the potentials differed in no respect from 
the potentials led off from fibrillating muscle in experimental animals. 
In the experimental animal denervation fibrillation is continuous. 
The electrical activity (Schaffer and Licht, 1926; Brown, 1937; Rosen- 
blueth and Luco, 1937; Denny-Brown and Pennybacker, 1938) consists in 
small, asynchronous, diphasic potentials. Determination of rate is tied 
up with determination of the unit in action, and with possibilities of pace- 
making and synchronization. From his electrical records Brown put the 
rate at 2 to 7 per second, with the single muscle fiber as the unit. This is 
not far from the rate in Proebster’s case, 9asecond. In one cat examined 
by me (unpublished) an apparent rate of this order persisted unmodified 
throughout a year of observation, amplitude only diminishing as the 
muscle atrophied. Langley and Kato (1915a) and Langley and Hashi- 
moto (1918) observed that rate and intensity differed in different mus- 
cles, and in different parts of one muscle, but that the rhythm was regular 
in any one spot. They described the contraction as exceedingly local- 
ized, 0.5 to 1 mm. long, as if it occurred in a small region only, of one 
fiber and spread out very little from this region. My experience con- 
firms this, as against Brown’s and Denny-Brown and Pennybacker’s 
opinion that the unit in action is the entire muscle fiber. If the con- 
traction does indeed involve only a small part of the fiber, and the 
adjacent, uncontracted parts of the fiber are at the same time stretched 
so that the contraction creates no tension between the origin and in- 
sertion, then the failure of this slight continuous activity in the muscle to 
create tone is accounted for. Such stretching of parts of muscle fibers 
adjacent to the region in contraction may quite reasonably be expected 
to contribute to the damaging effect of denervation, particularly in con- 
junction with any exterior strain which would take up the protective 
slack. - 
Irreversible contracture: Following denervation, muscle gradually de- 
velops a set or non-ductile condition which is called contracture. This 
is insidious in onset, and in my experience delayed for from six to eight 
weeks. It then appears as fixation of the flexor muscles of an extremity 
in a shortened state, which increases in rigidity for some months. The 
antagonists of the shortened muscles, in this case the extensors, should 
correspondingly be fixed in an extended state, but do not seem to have 
been examined. When fully established, the contracture is not relaxed 
by general anesthesia, nor by shutting off the blood supply with an 
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Esmarch bandage, nor in death. Whether in its insidious onset it is 
equally irreversible is not known. The contracture is, however, only 
relatively irreversible. Reinnervation of a muscle will, in my experi- 
ence, partially undo even a fairly high grade contracture of some months’ 
duration, the limitation being set probably by the fibrous tissue present. 
At the other extreme, with the rapid, massive destruction of muscle tis- 
sue which is seen in some badly handled cases of poliomyelitis in man, 
particularly in muscles such as the deltoid and the anterior tibial group 
which are subject to gravity strain, contracture is said never to develop. 
Disappearance of contracture has also been described as the last stage 
of posthemiplegic atrophy in man, by Brissaud (1880). If contracture 
depends upon the survival of muscle tissue in some form or to some ex- 
tent, as these last observations indicate, then contracture must represent 
a change in the physiological properties of denervated muscle, but 
physiological study of the contractile mechanism has not extended into 
this period. Apparently all parts of the muscle do not go into contrac- 
ture simultaneously, since fibrillation continues at least to the end of a 
year, and a feeble response to constant current remains for perhaps 
many years. 

MORPHOLOGICAL OBSERVATIONS. ‘The outstanding morphological re- 
sult of total denervation of muscle is atrophy, which reduces the gross 
bulk of the muscle, and the dimensions of each of its constituent fibers. 
Following atrophy is degeneration, which destroys large numbers of the 
fibers, although rarely if ever all. Considered morphologically, the 
processes of atrophy and degeneration, though consecutive, are, by 
definition, distinguishable; for atrophy reduces the size of a cell, without 
destroying its form, whereas degeneration either eliminates the cell 
completely, or so alters its form that its specific differentiation is no 
longer recognizable. In older literature, these two processes were often 
referred to as simple and degenerative atrophy, respectively. An out- 
line of the morphological changes taking place in mammalian skeletal 
muscle during the first few months after denervation was sketched by 
Mantegazza in 1865, and filled in by Ricker and Ellenbeck in 1899 in 
substantially the form which holds today. The later stages up to one 
year were first examined by me (1935). Since most human material is 
complicated either by incompleteness of denervation, as in postpolio- 
myelitic cases, or as in traumatic cases, by regeneration, morphological 
study of the reaction of muscle to denervation has resorted almost 
entirely to experiment on animals. 

Gross changes: Gross loss of bulk or weight begins to be apparent on 
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the third day after denervation (Langley and Kato, 1915b; Knowlton 
and Hines, 1936), proceeds most rapidly during the next few weeks, and 
then slows down. Values of 79 per cent weight loss have been reported 
by Knowlton and Hines for the rat’s gastrocnemius forty-two days after 
denervation, and of 88 per cent by Chor, Dolkart and Davenport 
(1937) for the monkey’s gastrocnemius-soleus group after twelve weeks. 
These are, however, the extreme; usually weight loss proceeds more 
slowly. Since Knowlton and Hines estimate that from 10 to 20 per 
cent of the original muscle weight is connective tissue, blood vessels, 
etc., these extreme figures should represent very nearly complete destruc- 
tion of the muscle tissue. 

Besides losing mass, denervated muscle also changes color and texture. 
According to Langley and Hashimoto (1918), denervated white muscle 
takes on a pinker tinge, and denervated red muscle becomes less dark 
red. The mixed muscles of the human and other animals become 
yellowish. Morpurgo (1892), and Ricker and Ellenbeck (1899) both 
stressed an early edema in the muscle affecting its texture, but the 
gravest change in texture comes later with the loss of ductility in con- 
tracture. Langley (1916) reported that the specific gravity of dener- 
vated muscle is less than normal. 

Microscopic changes: The sole-plate: Microscopically, the earliest 
reaction of muscle to denervation appears in the sole-plates. Boeke 
(1916) confirmed Gessler (1883) in describing there, in conjunction with 
swelling and disintegration of the nerve tissue, specific reactions on the 
part of the two recognized groups of sole-plate nuclei whereby those 
close to the nerve tissue, the ‘“Telodendrienkerne” atrophy and disap- 
pear, while the outlying nuclei, the “‘SSohlenkerne’’, increase in number 
amitotically, and in length. Tello (1907a) did not agree with this. 
The granular sole-plate cytoplasm survived in Boeke’s experiments until 
regeneration took place; in Gessler’s, for sixty days. I found that when 
the cat’s interosseous muscle was kept denervated for one year, the sole- 
plate cytoplasm diminished rapidly from the second month onward, 
disappearing completely by six months. Since in these late stages 
sole-plate and subsarcolemmal nuclei can no longer be distinguished, 
_ after six months neither sole-plates as such nor the sites they originally 
occupied were recognizable. Pommé and Noél (1934) have further 
described diminution to disappearance of the sole-plate granules called 
by them telosomes in assorted neuro-muscular disorders in man, most 
significantly in progressive muscular atrophy, but these granules seem 
never to have been examined after experimental denervation. 
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Subsarcolemmal nuclei: Within the body of the muscle fiber, nuclear 
changes have been reported as early as the second day (Schmidtmann, 
1916), and from then on they progress rapidly. By the second week of 
denervation the subsarcolemmal nuclei have rounded up or become oval, 
and are dispersed through the fiber; their chromatin is depleted; their 
nucleoli are reduced to one or none; and their nucleoplasm has lost its 
homogeneous quality. Toward the end of the first month, the nuclei 
have become definitely vesicular, sometimes bloated to an extraordinary 
degree, and fragmenting specimens may be found. 

Equally conspicuous with the change in form of the nuclei is the rapid, 
large, apparent increase in their number, but whether or not this appar- 
ent increase is also real, is controversial. On inspection, the clusters 
and chains of nuclei, in some places packed in the slim sarcolemma 
sheath as closely as in the equatorial region of a spindle, leave no doubt 
in one’s mind. But when Willard and Grau (1924) made counts of 
the numbers of nuclei and of fibers present in specimens of mouse muscle 
from 3 to 63 days after sciatic section, they could find no change in 
either. Unquestionably a large part of the apparent increase can be, 
and is achieved in the course of rapid atrophy, by condensation of the 
nuclei originally present into a progressively smaller volume. And a 
small part may be due to the greater conspicuousness of the nuclei, 
bloated and scattered through the fibers. Division, if it takes place, 
must be amitotic, but the actual division has not been observed, al- 
though the converse process of nuclear conjunction has. Stier (1896) 
studied the muscle of dogs and rabbits for 33 months after denervation, 
and came to the conclusion that although the increase of nuclei is largely 
apparent, due to crowding, both division and destruction also take place 
so that absolute numbers may be increased or decreased, or presumably 
not altered at all. 

After four to six months and on to the end of a year the nuclei resume 
their original elongated form and orientation parallel to the length of 
the fiber, but not their original subsarcolemmal location. Those sur- 
viving to the end of this time, are excessively slim. In these late stages 
also, nuclear destruction must proceed slowly but fairly steadily, for in 
my specimens taken a year after denervation, nuclei are no more numer- 
ous, field for field, than in specimens taken after two months, yet the 
total bulk of the muscle, in this study always the entirety of an inter- 
osseous muscle, had undergone considerable reduction in the interval. 

Cytoplasm: Obviously the process of muscular atrophy attacks the 
cytoplasm of the muscle fiber. But what exactly happens to the cyto- 
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plasm in the rapid reduction of denervation atrophy is not agreed on, 
and in this disagreement preconceived ideas of the structure of the cyto- 
plasm seem to be the determining factor. Although the contrary view 
has had proponents, the opinion of the majority has held that atrophy 
attacks the sarcoplasm first, and the myofibrillar substance later. This 
proposition, which has been defended by me (1935) among others, 
assumes that sarcoplasm and myofibrils are discrete. Certainly there is 
a non-striated cytoplasm in the sole-plate, and filling in around the 
nuclei. Moreover, fibrils develop in the embryo, or in tissue culture as 
individuals in a non-fibrillar medium. But that any such duality of 
structure persists throughout the normal, fully developed, striated 
muscle fiber of mammals, is very questionable. Hiirthle and Wach- 
holder (1925), reviewing the histological structure and optical properties 
of muscle for Bethe’s Handbuch, came to the conclusion (p. 114) ‘‘Das 
Sarkoplasma ist also mehr eine schematische Abstraktion als ein his- 
tologischdarstellbares Gebilde’. The vulnerability of the sarecoplasm 
in the process of atrophy appears to derive primarily from its obscurity. 
Indeed, for the first month or two after denervation, more non-fibrillar 
material is to be seen around the clumps of bloated nuclei than in any 
corresponding, well fixed normal muscle fiber. 

All through the early stages of atrophy, and in my experience to the 
end of a year, the cross and longitudinal striated structure of the fiber 
survives in remarkably good order. In the very first weeks, to be sure, 
the longitudinal fibrillae may appear loose and disarranged (Ricker and 
Ellenbeck, 1899; Chor, Dolkart and Davenport, 1937). But there- 
after, except when attacked by specific degenerative processes to be 
described later, the alignment of cross and longitudinal striation is not 
disturbed, and for some months, at least, the long dimensions of the com- 
ponent parts of the sarcomere are normal for any given state of contrac- 
tion (Ricker and Ellenbeck, 1899; Tower, 1935). After a month or two 
the cross striation is clearly faded, becoming finally scarcely more than 
a shadow; but even in this extreme state alignment is maintained. And 
the ability to contract in the usual form during fixation survives in some 
fibers, although from six months on the majority of fibers are com- 
posed of very long sarcomeres in which the isotrophic segment I is 
longer than the anisotrophic A, but in which Hensen’s stripe is formed. 

Obviously, however, by the time atrophy has progressed to the point 
of a 50 per cent to 80 per cent reduction in mass, the fibrillar structure 
must be gravely depleted, yet there is no discontinuity in the processes 
observed to indicate a shift of attack from sarcoplasm to fibrils. Re- 
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orientation in cytological thinking toward the concept of a continuum 
in structure of the muscle fiber avoids the difficulty presenting here. 
For in a continuum atrophy may reduce the quantity of all materials 
without the necessity of removing sarcoplasm on the one hand, or 
destroying individual preformed fibrils on the other. And if the reduc- 
tion of the structural materials is fairly in proportion, then, within the 
remainder, such properties as dimensions of sarcomeres or of fixed fibrils, 
and general appearance, all of which must derive from chemical struc- 
ture, should survive in good order. Chemical evidence that the deple- 
tion is fairly in proportion, will be presented later. 

The mitochondria of denervated muscle have been examined only by 
Willard and Grau (1924) in mice. They reported that granules reacting 
to mitochondrial stains, normally found in the muscle fibers adjacent to 
the capillaries, after nerve section first scattered through the fibers 
between the fibrils, and later disappeared. 

No observations appear to have been made on the Golgi apparatus 
after denervation, nor on the refractile properties of the denervated 
muscle fibers. This latter is an extraordinary oversight, considering the 
theoretical importance of these properties. 

Acute degenerative processes: Frankly degenerative changes in muscle 
are in general a late phenomenon after nerve section. Thus Stier (1896) 
emphasized that the changes described by him in dog’s and rabbit’s 
muscle up to 33 months after denervation were those of simple atrophy 
only, but recognized that the time may have been too short for degenera- 
tion. Willard and Grau (1924) could find no degenerative changes in 
mice muscle up to 63 days after denervation, while in rats Hines and 
Knowlton (1933) saw only an occasional fiber being phagocytized after 
four weeks when the average weight loss was 72 per cent. More com- 
monly, however, the sporadic beginnings of degeneration have been noted 
earlier, even as early as two weeks after nerve section. In my study 
(1935) of the cat’s interosseous muscle, which atrophies very slowly, 
the first sign of degeneration was encountered at one month, but only 
after four months was degeneration really conspicuous. Consistent 
with their sporadic onset, these acute degenerative processes, even when 
accelerated, are still haphazard in their attack on the muscle, and unlike 
the unitary attack of atrophy, may involve only a small portion of a 
single muscle fiber. Deep buried fibers and fascicles are most sus- 
ceptible, and within the fiber, the mid-length and central fibrillae. 
Intercurrent infection as from trichina, and overlying trauma and infec- 
tion as from ulceration predispose. 
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The acute degeneration may take several forms. Hyaline degenera- 
tion figured largely in early descriptions, for example Jamin’s (1904), 
but not in later accounts. As I observed it, the degeneration begins 
with swelling of the muscle fiber followed by formation of vacuoles 
between the fibrils disrupting them, or by disintegration of the fiber’s 
substance into granules, while the nuclei swell and disintegrate. Finally 
the sarcolemma thickens and also disintegrates, reducing the fiber to 
debris. For some time before and after this final disintegration, free 
mononuclear cells accumulate around the site, and presumably phago- 
cytize the debris. Then these cells, too, disappear, and haphazard 
fibrosis fills the defect with scar tissue. At a maximum around 4 to 6 
months after denervation, these processes destroyed large bodies of 
fibers completely, but at later stages, 9 months and 1 year, they were 
again rare. Always sporadic, however, the total amount of muscle 
tissue destroyed in this way was probably not very great where infection 
or trauma did not codperate. 

Fibrous transformation: The end result in man of continued denerva- 
tion of muscle is generally conceded to be complete destruction of the 
muscle tissue, only fibrous tissue remaining. In some cases this destruc- 
tion takes place extraordinarily rapidly, but usually it is a matter of 
years. Although the acute degenerative processes undoubtedly con- 
tribute to this end, in the experimental animal where I studied it they 
are of minor significance compared with the much more insidious process 
of fibrous metaplasia. By progressive fading of the cross striation to the 
point of disappearance, with conservation of the fibrils, and by progres- 
sive slimming of the nuclei large regions of muscle tissue finally lose 
their specific character as such, and become transformed into fibrous 
tissue. Throughout the same period the proliferating interstitial 
fibrous tissue has so bound the muscle fibers together that ultimately 
the distinction between them becomes submerged, and the whole con- 
stitutes a tissue intermediate between scar tissue and tendon. In the 
cat’s interosseous muscle one year of maintained denervation did not 
suffice to complete this transformation except locally, but the end may be 
predicted though not the time of its accomplishment. 

Contracture: Practically nothing is known of the histological appear- 
ance of the state of contracture in denervated muscle. It has never 
been made the object of specific examination, and the contracting action 
of the fixatives used in the ordinary preparation of material complicates 
the problem too much for casual solution. In the absence of other 
obvious basis, undue emphasis has probably been laid on the moderate 
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increase in the fibrous connective tissue of denervated muscle. My 
specimens of cat’s interosseous muscle, taken after two weeks to one 
year of maintained denervation by unvarying procedure, showed for the 
first 4 months a fairly uniform condition of half to full contraction of the 
sarcomeres, but from 6 months on shortening was less and less in evi- 
dence, with sarcomeres up to 4 u in length, or longer, but I longer than 
A. Yet during this time the muscle was becoming increasingly 
involved in contracture. This suggests that in contracture the sar- 
comere is in contraction, but stretched (Buchthal, Knappeis and Lind- 
hard, 1936). Since the interosseous muscles were grossly shortened, yet 
there was no lengthwise crowding of the content of the muscle fiber, 
the number of sarcomeres in a given length of such muscle fibers must 
have been reduced. Again, this presents a difficulty if one conceives of 
the fibril as existing preformed, but not if one conceives of the muscle 
fiber as a continuum. 

In the irreversible contracture of localized tetanus Davenport, 
Ranson and Stevens (1929) have similarly described the sarcomeres as 
of ordinary length, or unusually long in the I component, which they, 
too, accept as evidence of stretching. 

CHEMICAL OBSERVATIONS. There is no single outstanding chemical 
result of denervating skeletal muscle, but rather, two groups of results 
relating respectively to fibrillation and to atrophy. Chemical studies of 
denervated muscle have been more limited in time-scope even than 
physiological studies. With rare exceptions, they do not begin until 
the muscle is already in fibrillation, and in no case have they been carried 
beyond the fourth month. The data in this field are necessarily derived 
almost entirely from experiment on animals. Rumpf and Schumm 
(1901) have made one fairly comprehensive examination of a case of 
alcoholic polyneuritis in man, with reaction of degeneration in the 
muscles investigated, the results of which agree remarkably with those 
obtained from animals considering that the material was obtained 3 
hours after death and the control values from the literature. 

Water content: A number of studies have been made of the water 
content of denervated muscle, employing simple procedures such as 
drying in an oven at from 100° to 106°C., or desiccation at reduced vapor 
pressure, without greatly differing results. Chor, Dolkart and Daven- 
port (1937) could find no significant difference between normal and 
denervated monkey’s muscle up to 10 weeks after nerve section, which is 
in agreement with Chen, Meek and Bradley’s (1924) results on rabbits 
up to 9 weeks, and Westenbrink and Krabbe’s (1936) on cats after 3 
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weeks. Fenn (1937) found the water content of denervated rat’s 
muscle uniformly increased during the first week after nerve section, 
and ascribed it to increased filtration from the capillaries due to vaso- 
dilatation. Remembering the initial edema described by histologists, 
this may well be an initial factor, although the progressive increase in 
water from the Ist to the 7th days suggests that other factors also 
come into effect. Hines and Knowlton (1933, 1937), have made the 
most thoughtful study of water content. Although their analyses 
showed an increase beginning 3 days after nerve section, their estimates 
of the distribution of water between muscle cell and non-muscle cell 
phases showed a decreased amount of muscle-cell and an increased 
amount of non-muscle cell water paralleling the decrease in muscle 
tissue and relative increase in connective tissue such that the atrophic 
muscle fibers themselves retained a normal water content. All these 
slightly differing results probably indicate that in the process of dener- 
vation atrophy the water content of the muscle tissue proper is not sig- 
nificantly altered. 

Electrolytes: Hines and Knowlton (1933, 1937) followed the potas- 
sium, calcium, and chloride of muscle during the first 28 days of dener- 
vation atrophy in the rat. Of these substances, potassium is associated 
almost entirely with the muscle fiber, whereas chloride is associated 
exclusively, and calcium probably largely with the interstitial tissue. 
Calcium showed the most startling change in concentration, mounting 
steadily until by 28 days after nerve section it was double, or slightly 
more than double that of the control. This increase may be accounted 
for in small part by the absolute increase in connective tissue of the 
muscle and the even greater relative increase of interstitial tissue over 
muscle tissue, but for the larger part there is no explanation unless it is 
associated with an increase in inorganic phosphorus to be described later. 
Chloride concentration also increased steadily as atrophy progressed, 
but only to a degree easily accounted for by the relative increase in non- 
muscle tissue over muscle tissue. Perfusion experiments showed that 
the denervated muscle cells were normally impermeable to chloride. 
Potassium, on the other hand, decreased in concentration to an extent 
_ entirely commensurate with the decrease of muscle tissue relative to inter- 
stitial tissue. Leulier, Bernard and Richard (1932) had previously 
obtained a similar result. 

Fenn (1937) questioned Hines and Knowlton’s figure for potassium 
in the first week, claiming, also for the rat, a slight increase. The sig- 
nificant feature of Fenn’s report is, however, the indication, afforded by 
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his table, of a critical time after denervation for reversal of potassium 
increment to potassium decrement. In the semimembranosus and 
tibialis muscles this took place on the 3rd day, the day of probable onset 
of fibrillation, although in the gastrocnemius and biceps femoris it was 
delayed to the end of the first week, or perhaps merely obscured by a 
factor so simple as the one he suggests, namely, depletion of the potas- 
sium of the control muscle by excessive activity in compensation for the 
paralysis. Such a reversal of gain to loss in conjunction with the onset 
of fibrillation in the previously inactivated muscle is exactly what would 
be expected from Fenn’s results on the depleting effect of exercise on the 
potassium of normal muscle. 

pH: Determinations by Chen, Meek and Bradley (1924) of the pH 
of denervated and control muscle showed no measurable increase in 
acidity in muscle undergoing atrophy up to 9 weeks after nerve section. 
However, the muscle lost a small amount of buffer capacity against both 
acid and alkali, probably because of an alteration in protein. 

Iipoids: Because of the twofold representation of lipoids in muscle, 
on the one hand as integral and essential constituents of the muscle 
cell, and on the other as products stored either in the muscle cell or in 
the interstitial tissue, figures on the lipoid content of muscle are pe- 
culiarly liable to variation. For the stored lipoid, especially that stored 
in the interstitial tissue, will vary with general conditions of nutrition 
and activity, whereas the structural lipoid of the muscle will change 
only with changes in muscular state or activity. Hence weak or 
paralyzed muscles may become heavily infiltrated with interstitial fat in 
well nourished individuals at the same time that destruction of the 
muscle tissue must be reducing the structural lipoid. A further com- 
plication is introduced, moreover, by the apparent fact that mobiliza- 
tion of fat from fat deposits is gravely impeded by denervation of the 
region, while deposition is not (Mansfeld and Miiller, 1913; Beznék 
and Hasch, 1937; Cedrangolo, 1937). Figures of total lipoid in dener- 
vated muscle are, therefore, of uncertain significance. What appear to 
be absolute increases in the fat content have been reported by Grund 
(1912) and Audova (1923), while Westenbrink and Krabbe (1936) could 
find no significant change. Chor, Dolkart and Davenport (1937) 
found a percentage increase in the lipoid of denervated monkey’s muscle 
without change in the total lipoid. Obviously any large accumulation 
of interstitial fat must be taken into account in considering concen- 
tration of other substances in the muscle. This was done in the studies 
of Grund (1912), Audova (1923) and Cahn (1927), but has not been gen- 
eral practice. 
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Since the stored lipoid is chiefly simple, and the structural lipoid, 
compound, analyses which discriminate between these might contribute 
to understanding the processes involved in denervation atrophy. 
Grund (1912) has reported that the phosphatide-phosphorus content of 
dog’s muscle denervated for 3 months was low if calculated relative to 
total dry weight, but if calculated relative to fat free dry weight it was 
the same as in the control. Cahn (1927) found it reduced even in the 
latter case. Clearly, this work needs to be repeated. Preservation 
of the phospholipid is not consonant with Bloor’s (1937) concept that 
phospholipid content parallels the functional state of tissues in general, 
including muscle, increasing in hypertrophy (with reservations and 
exceptions) and diminishing in atrophy. Bloor did not, however, in- 
vestigate denervation atrophy in which, because of the fibrillation, the 
muscle is far from inactive. Cholesterol has been determined only by 
Westenbrink and Krabbe (1936), who considered it not significantly 
altered three weeks after denervation in the cat. 

Phosphorus: Grund (1912), Avellone (1927), Cahn (1927) and Chor, 
Dolcart and Davenport (1937) all report a lower total phosphorus con- 
tent in denervated muscle than in its control. Since total phosphorus 
is compounded of phosphorus of diverse sorts, it is uncertain what if any 
significance this has. Certain of the phosphorus fractions are, however, 
of patent significance. The significance ofthe lipid fraction has just 
been considered. . 

Hines and Knowlton (1933, 1937) found the non-lipoidal, acid-soluble 
phosphorus of rat’s muscle reduced to 60 per cent of the control value 
after 28 days’ denervation. Since this phosphorus is chiefly associated 
with the muscle cells, and the decrease paralleled the rate of atrophy, 
acid-soluble phosphorus was probably still present in the atrophic 
muscle fibers in normal concentration. Acid-soluble phosphorus is, 
however, still a composite figure. On fractionating the acid-soluble 
phosphorus Hines and Knowlton (1933) found that the inorganic phos- 
phorus content was slightly increased, and phosphocreatine sharply 
diminished, down to 30 per cent of the control value in 28 days, while 
adenosine-triphosphate and the undetermined phosphate fraction were 
_ diminished to 50 per cent in a similar time. The possible relation of the 
increase in inorganic phosphate to the large increase in calcium, has 
already been mentioned. The loss in the adenosine-triphosphate and 
undetermined phosphate fraction was, they consider, commensurate 
with the loss of muscle tissue. On the other hand, the depletion of phos- 
phocreatine was early and rapid, finding a parallel only in the depletion 
of glycogen to be described later. Westenbrink and Krabbe (1936) 
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likewise found the creatine-phosphoric acid and orthophosphoric acid 
fractions of acid-soluble phosphorus reduced out of proportion to the 
other fractions in denervation atrophy. 

An earlier study by Zanghi (1928) permits correlation of this phos- 
phocreatine depletion, and of phosphoric acid accumulation, with the 
onset of fibrillation. For the first 24 hours after sciatic section in rats, 
the phosphocreatine of the denervated muscle exceeded the control 
values by 50 per cent, with phosphoric acid correspondingly low. Even 
at 72 hours phosphocreatine was still in excess, but phosphoric acid had 
begun to rise. Thereafter phosphocreatine was rapidly depleted, down 
to nothing in one case, while phosphoric acid accumulated, and this 
continued until 45 to 90 days after operation when regeneration prob- 
ably took place. Although Zanghi seems to have been unaware of the 
phenomenon of fibrillation, the time correlation is obvious between 
reversal of relative values in denervated and control muscle on the third 
postoperative day, and the onset of fibrillation in the rat. 

Creatine: Cathcart, Henderson and Paton (1918) made the first ex- 
tensive examination of creatine content of denervated muscle. Using 
cats and rabbits, they reported no significant change in creatine content 
up to the 11th day, but after the 15th day a progressive decrease. Their 
figures show, however, creatine values considerably higher than the 
control in two examinations made on the 3rd day and one on the 7th, 
which raises the question of a possible relationship of onset of creatine 
loss to onset of fibrillation. Working on rats, Hines and Knowlton 
(1933) described a beginning loss of creatine on the 3rd day after nerve 
section, that is, on the day of onset of fibrillation in this species, but gave 
no figures before this time. By the end of the first week creatine con- 
tent was definitely lower than in the control muscle, but only to an 
extent which they consider accounted for by the altered ratio of muscle 
tissue to connective tissue. Avellone and di Macco (1925) have con- 
tributed evidence of similar character from dogs. 

Nitrogen: The total nitrogen content of muscle is probably unaltered 
in the course of denervation atrophy, at least in the earlier stages. 
Hines and Knowlton (1933) working on rats, Westenbrink and Krabbe 
(1936) on cats, and Chor, Dolkart and Davenport (1937) on monkeys, 
all agree on this. Previously, both Grund (1912) and Audova (1923) 
had found the same to hold for the fat-free dry substance of denervated 
dog and rabbit muscle. .Avellone and di Macco (1925) are alone in 
reporting a steady decrease. 

Setting aside Steyrer’s (1904) early attempt to discriminate between 
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different proteins in the course of denervation atrophy, Hines and 
Knowlton (1933) determined separately: total extractable nitrogen, 
the nitrogen extractable by 5 per cent trichloracetice acid which is taken 
to be non-protein nitrogen, and various nitrogen fractions extractable 
with different strengths of phosphate solution which may or may not 
represent true individual proteins. All these maintained a practically 
constant percentage throughout 28 days of denervation atrophy. One 
nitrogen fraction which would be of particular significance in relation to 
the disagreement over nuclear proliferation, would be purine nitrogen. 
This has been determined only by Avellone and di Macco (1925), who 
found it sharply decreased, and to the same extent as total nitrogen, 
after 60 days’ denervation,—minus 30 per cent. Since their total nitro- 
gen figure is unconfirmed by general experience, their purine nitrogen 
figure must be suspect until substantiated. 

Hines and Knowlton bring out an important consideration applicable 
to blanket determinations such as total nitrogen or total phosphorus: 
that a normal figure for these does not necessarily mean that no changes 
have taken place in the substances making up the total. In the case of 
non-protein nitrogen, two substances contributing to the total, namely, 
creatine and adenosine-triphosphate are known to be lowered in concen- 
tration by denervation atrophy. Since other unidentified nitrogenous 
substances must be correspondingly increased to make up an unaltered 
total, the changes in chemical composition of the tissue during denerva- 
tion atrophy must be considerable. 

Further evidence that the nitrogenous constituents of muscle are 
altered in the processes of denervation atrophy has been contributed by 
Chen, Meek and Bradley (1924). In postmortem autolysis they found 
that denervated muscle liberates more amino-acid than normal muscle 
by as much as 100 per cent, and specimens taken nine weeks after nerve 
section showed this increase equally with specimens obtained one or 
two weeks after operation. They consider that this shows a gradual, 
progressive alteration of structural protein into more digestible forms, 
and suggests an equilibrium in muscle between non-available and avail- 
able cell protein. Furthermore, they found that although atrophic 
muscle contains, when removed, no more free amino-acid than normal, 
it does contain more primary cleavage products as shown by the reaction 
for tyrosine peptide. 

Glycogen and lactic acid: Glycogen analyses of denervated muscle may 
be classified into: those showing an increased glycogen content, which 
include all except one of the old reports (Chandelon, 1876; Manché, 
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1889; Vay, 1894) and two more recent ones (Avellone, 1927; Cedrangolo, 
1937); those showing no consistent alteration (Krauss, 1888; Westen- 
brink and Krabbe, 1936), and those showing a loss (Hines and Knowlton, 
1933, 1935; Knowlton and Hines, 1934). Hines and Knowlton alone 
describe the use of currently accepted precautions in killing the animals 
and taking the specimens for analysis. For the first 24 hours after nerve 
section the muscle showed no depletion of glycogen and no failure to 
store glycogen on glucose administration, but after 48 hours the loss was 
detectable. During the third day the depletion of glycogen was rapid, 
amounting on an average to 43 per cent of the control value, after which 
further reduction was slow. 

Results obtained on lactic acid reverse those obtained with glycogen. 
Avellone (1927) reported a low lactic acid content in denervated muscle 
compared with the control, and Westenbrink and Krabbe (1936), no 
significant difference. Knowlton and Hines (1934) found a consistently 
higher content of lactic acid after 3 to 7 days’ denervation than in the 
control. This increase went hand in hand with depletion of the glycogen 
store, and both were ascribed by these authors to the fibrillation which 
begins in rat’s muscle on the third day after denervation, which is not 
abolished by the amytal anesthesia employed in killing the animals, 
In studies in which a general anesthetic was not properly employed to 
kill the animals this fibrillary activity in the denervated muscles would 
be matched against voluntary and reflex activity in the normally in- 
nervated muscles with unpredictable results in the balance on the two 
sides of glycogen and lactic acid. 

Summarizing these observations; The chemical materials of denervated 
muscle in so far as these have been studied, may be considered in five 
categories. These are: 1, general protoplasmic constituents, showing no 
change; 2, substances related particularly to the muscle fiber and reduced 
in proportion to its atrophy; 3, substances found particularly in the in- 
terstitial tissues, and increasing with the relative and absolute increase 
in these tissues; 4, substances probably especially related to interstitial 
tissues but increasing disproportionately ; 5, substances found especially 
in the muscle tissue, but disproportionately reduced in conjunction with 
fibrillation. In the first category are total nitrogen and extractable 
nitrogen fractions possibly representing specific proteins, and water. 
In the second category are potassium, acid-soluble phosphorus, creatine, 
adenosine-triphosphate, and perhaps phospholipid. In the third cate- 
gory are chloride and inorganic phosphate. In the fourth category is 
calcium, and simple fat might be added in individual cases. In the 
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fifth category are glycogen and Wisbiptheiencnddn: Lactic acid and 
phosphoric acid constitute a sixth category of substances produced in 
the fibrillary activity. Calcium is the only substance requiring further 
consideration. It is not known how the extra calcium is stored in the 
muscle. If stored as tricalcium phosphate in the interstitial tissue, or 
perhaps as carbonate,—carbonates have not been examined,—it may 
be fairly unreactive and without much significance. On the other hand, 
if it is available at the surface of the muscle fiber it may contribute to 
altered conditions there of great consequence. 

Respiratory metabolism: Langley and Itagaki (1917) opened the study 
of the respiratory metabolism of denervated muscle by comparing the 
oxygen content of arterial and venous blood going to and coming from 
denervated and innervated extremities of anesthetized cats. They 
found the oxygen usage of the denervated muscle per unit weight nearly 
3 times as great as of the control, and ascribed it to the fibrillary activity 
in the former. Hines, Leese and Knowlton (1931) have made a more 
extensive study on anesthetized dogs, comparing for denervated and 
control muscle: the sugar, lactic acid, oxygen and carbon dioxide content 
of blood entering and leaving the extremities. The determinations were 
made during rest, during mild exercise by direct electrical stimulation, 
after glucose administration and after subcutaneous adrenaline. They 
found the respiratory quotient of the denervated leg essentially the same 
as that of the control, and of the entire animal, and likewise the exchange 
of sugar and lactic acid between tissues and blood; and concluded that 
muscle undergoing atrophy of denervation exhibits a metabolism quali- 
tatively similar to that of normal muscle as far as can be determined by 
analysis of the blood. Sato and Kasugai (1935) have contributed evi- 
dence of similar character. 

In a later study Knowlton and Hines (1934) took up the quantitative 
analysis of the respiratory metabolism of excised specimens of rat’s 
gastrocnemius muscle denervated 3 to 28 days. Spontaneous fibrillation 
ceased shortly after these specimens were excised. Under these condi- 
tions both the rate of oxygen consumption and the amount of glycogen 
disappearing and of lactic acid appearing during 30 minutes of anaerobic 
autolysis were much the same in denervated and control muscle. How- 
ever, considering that the process of atrophy increases the relative and 
absolute amount of connective tissue in the muscle, and that connective 
tissue has a lower rate of oxygen consumption than muscle, a rate of 
oxygen consumption for the denervated specimen as a whole equal to 
that of the control must, they believe, represent a slightly increased 
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rate for the denervated muscle tissue itself. In the light of this careful 
study, Califano’s (1927) earlier report of a greatly increased in-vitro 
O: consumption by denervated muscle must be viewed with scepticism. 

Succino-dehydrase activity: Knowlton and Hines (1934) also examined 
the extractable succino-dehydrase activity of denervated muscle. In 
contrast with the apparent viability of the hydrolytic cleavage system 
responsible for glycogenolysis and lactic acid formation, this activity fell 
off to about 55 per cent of the control value within one week after 
denervation. 

Glutathione: Okuda (1930) reported that 3 days after section of the 
sciatic nerve, before the muscle had lost weight appreciably, reduced 
glutathione was present in greater amount in denervated rabbit’s muscle 
than in its control by 4 to 32 per cent. By 20 days after nerve section, 
when the difference in weight was marked, glutathione ranged from 30 
to 167 per cent higher in the atrophic muscle. This, he believed, re- 
flected the increased metabolism of the denervated muscle. 

Respiratory pigments: Of the two pigments present in muscle, cyto- 
chrome and muscle hemoglobin, the generally distributed cytochrome 
has not been examined in relation to denervation atrophy, while the 
hemoglobin, which is found only in red muscle, has. Whipple (1926) 
reported a rapid reduction in the hemoglobin of dog’s gastrocnemius 
muscle undergoing denervation atrophy, amounting to 50 per cent of the 
control value. A large part of this loss can, however, be accounted for 
by the increase of connective tissue relative to muscle tissue, so that 
within the muscle cell the concentration would not have been so greatly 
altered. An interesting problem, as yet uninvestigated, is presented by 
the change in color of atrophying muscle, both white and red becoming 
pink. If this represents acquisition of hemoglobin by the white fibers 
and loss by the red, hemoglobin values for the muscle as a whole should 
be a function of the relative proportions of red and white fiber originally 
present. 

Summarizing these observations: The data on respiratory metabolism 
of denervated muscle deal with two almost distinct problems. On the 
one hand, comparative figures for denervated and control muscle on 
oxygen consumption in-vivo, on content of glycogen, lactic acid and 
phosphoric acid, and probably also of glutathione, measure the difference 
in metabolism between the continuously fibrillating denervated muscle 
and the resting metabolism of the control, the animals being anesthe- 
tized. They show that fibrillation involves a high grade oxidative 
metabolism which does not differ qualitatively from the metabolism of 
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normal muscle, quantitative comparison being impossible without figures 
on heat produced or work done. Similar figures from the later stage of 
contracture are unfortunately not available to substantiate the sus- 
pected non-oxidative basis of this condition. On the other hand, the 
in-vitro studies examine the resting or survival metabolism, and the 
basic metabolic capacities of the denervated and control tissue. These 
studies indicate that the denervated muscle fiber probably has a slightly 
increased oxidative metabolism. Knowlton and Hines (1934) suggested 
that this is due to the relative increase in the number of nuclei. Con- 
sideration might also be given to the possible effect of altered polariza- 
tion of the cell surface on the resting O2 consumption (Fenn, 1931), as 
well as to the effect of the increase in surface area of muscle fibers per 
unit mass of tissue resulting from the atrophic reduction in diameter of 
the individual fibers. These studies have furthermore shown that 
the mechanism for glycogenolysis and lactic acid formation remains 
intact during at least the first week of denervation atrophy, whereas 
the oxidative system represented in the extractable succino-dehydrase 
activity is rapidly impaired during the same interval. Whether or not 
the muscle glycogenolytic system survives unaltered in later stages is 
not known, but probably not, for even in this first week an increased 
sensitivity of the system to thyroxin (Hines and Knowlton, 1935) 
represents some departure from the normal. 

Accessory Factors IN THE REACTION OF MusCLE TO DENERVATION. 
In the preceding account the reaction of muscle to denervation has been 
described chronologically so far as the evidence goes. Qualitatively this 
is feasible, but not quantitatively, for a variety of factors influence 
onset, rate of progress and final severity of the processes involved. 

The phylogenetic factor is the factor of greatest moment,—setting 
apart the reactions of warm- and of cold-blooded animals. That denerv- 
ation atrophy runs in birds a course similar to that in mammals was 
long ago established by the work of Knoll and Hauer (1892) on the dove. 
In amphibians, on the contrary, Scaffidi (1913), Adrian and Owen 
(1921), Watts (1924) and Bremer and Gérard (1925) all failed to find 
the changes in excitability and in contraction in denervated muscle 
familiar inthe mammal. And Langley (1916) reported that denervated 
amphibian muscle does not fibrillate. Bremer and Gérard ruled out the 
factor of low environmental and body temperature in this connection. 
However, cold-blooded muscle cannot be exempt from all reaction to 
denervation, for there is too much morphological and chemical evidence 
to the contrary, including a bit of Langley’s (1916) own. Furthermore, 
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although the reaction is unquestionably delayed in onset and perhaps 
lacking in important features, most notably fibrillation, it is none the 
less basically atrophic. In the absence of fibrillation, this may be 
atrophy of disuse. 

In a stimulating paper, Knowlton and Hines (1936) have submitted 
evidence of a species difference in rate of denervation atrophy, and even 
of individual differences in a genetically non-homogeneous group such 
as dogs, contrasted with uniformity in genetically homogeneous groups 
such as rats, mice, guinea pigs and pigeons. This species-characteristic 
rate of atrophy they relate to growth rate and to life span, a short life 
span being associated with a rapid rate of denervation atrophy. 

Stier (1896) recognized an age factor by which denervation atrophy 
progresses more rapidly in young animals than in old, but this needs 
more careful evaluation. 

The kind of muscle-under examination, whether red or white, thin 
fibered or thick, may also make a difference to the course of the reaction 
to denervation. On the whole it appears probable that white muscle 
wastes more rapidly than red, and certainly fibrillation is particularly 
strong and rapid in the white gastrocnemius (Langley and Kato, 1915a; 
Langley and Hashimoto, 1918). Morphologically, denervation atrophy 
abolishes the distinction between the two kinds of muscle. The gross 
evidence for this has already been given. Knoll and Hauer (1892) have 
made the outstanding microscopical report to the same effect on the 
breast muscle of the dove. Here the thick fibers diminished in size 
much faster than the thin after denervation so that after 35 days there 
was no longer any distinction of fiber types on this ground. During the 
same time the granules which appear in the thin fibers in specimens 
removed from the body and studied fresh, rapidly ceased to appear thus 
eliminating this morphological distinction also. 

Certain other factors which might influence the rate of atrophy of 
denervated muscle have been investigated by Hines and Knowlton 
(1934a, b). The denervated muscles of fasting animals lost weight at 
a faster rate than the rate due either to fasting, or to denervation alone, 
but the total loss was less than the sum of the losses suffered by the 
fasting control muscle and the non-fasting denervated muscle. Thy- 
roxin administration accelerated the rate of denervation atrophy, 
whereas thyro-parathyroidectomy preceding nerve section slowed it. 
Environmental temperature had no influence. Likewise the adminis- 
tration of 0.2 gram of glycine per day per rat was without effect in the 
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first week. Richter (1935) has confirmed this last with administration 
over a longer period of time. 

A factor which might influence rate of onset, though not final severity 
of the reaction of muscle to denervation is the distance between nerve 
lesion and muscle. Adrian’s (1917) comment that the facial case he 
reported in detail had the fastest rising chronaxie of his experience brings 
this to mind, in conjunction with the rapidity of developments in the 
rat’s gastroncemius. Such a factor, if demonstrable, might be related 
to the controversial question of centrifugal versus centripetal versus 
coincident degeneration throughout the cut-off length of nerve. 

In comparing the work of different observers, variables of procedure 
must enter in. Trauma, ulceration and secondary infection have al- 
ready been mentioned as accelerating factors in the reaction to denerva- 
tion. State of nutrition may also have a very material influence, even 
beyond that brought out in consideration of the lipoids of muscle. Asa 
retarding factor there is regeneration, which must be suspected in all 
long continued studies of the reaction, and if possible restrained by 
repeated operation. 

Present day treatment of paralyzed muscle, particularly in post- 
poliomyelitis cases, takes account of other traumatic factors contributing 
to the destruction of muscle by putting the paralyzed extremities at 
absolute rest and relieving all stress and strain, especially the strains 
imposed by gravity acting on dependent parts and by non-paralyzed 
muscles acting against paralyzed antagonists. Experimental work has 
largely neglected these factors, and selected as study object in the ma- 
jority of cases the gastrocnemius muscle, a muscle peculiarly liable to 
just such trauma. It is not surprising, therefore, that except for 
Knowlton and Hines’ results (1936) on the dog, rapid, severe atrophy 
has characterized results obtained from this muscle (Sherrington, 1894, 
cat; Ricker and Ellenbeck, 1899, rabbit; Langley and Kato, 1915b, 
cat; Langley and Hashimoto, 1918, rabbit; Willard and Grau, 1924, 
mouse; Hines and Knowlton, 1933, rat; Chor, Dolkart and Davenport, 
1937, monkey, cat). In striking contrast are my results (1935) on the 
interosseous muscle of the cat’s fore paw: an average weight loss of less 
than 50 per cent! after 4 months, and of only 67 per cent after a year. 
In this work, the factor of regeneration was excluded by re-operating 
as often as necessary. But stress and strain were also very nearly ex- 


1 The figure of 50 per cent average loss after four months’ denervation should 
read 46 per cent, making the total average loss 59 per cent instead of 60 per cent. 
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cluded because the cat either kept the affected extremity raised off the 
floor by action of the shoulder muscles, later assisted by flexor con- 
tracture, or he walked on the dorsum of the paw with the paw and digits 
turned under. Thus the only tension to which the interosseous muscles 
were subjected was the very slight dead weight of the toes, and later, 
possibly, the tension of contracture in the muscles themselves. Roberts 
(1916) and Kopits (1929) may be cited as authority for the statement 
that in man stretched, denervated muscle atrophies more gravely than 
relaxed muscle, although the observation has been very generally made. 

At present it is probable that no study yet made is a study of uncom- 
plicated denervation atrophy. The facial musculature, lacking direct 
bony attachment, little exposed to ordinary injuries, with the dependent 
weight only of itself and the overlying skin, affords a unique opportunity 
which has not been taken advantage of, although Duel’s (1932) cases of | 
extraordinarily long survival of this muscle in man may be recalled in 
this connection. Other possible examples of slow atrophy in muscles 
relatively free of stress and strain are Schiff’s (1851) comment that the 
tongue musculature atrophied more slowly than the muscle of the ex- 
tremities after denervation; Sherrington’s (1897) failure to find clear- 
cut atrophic changes in the cat’s extraocular muscles 60 days after sec- 
tion of the oculomotor nerve; and Arloing and Chantre’s (1898) report 
that the sphincter ani of the dog remained almost intact, anatomically 
and functionally, one year after bilateral section of the nerves to it. 
In such cases, however, the possibility that rate of denervation atrophy is 
characteristic of a given muscle and greatly different in different muscles, 
as Langley and Hashimoto (1918) believed, must also be given careful 
consideration. Nevertheless, such differences illustrate the necessity: 
first of understanding, and then of controlling so far as possible the 
accessory factors contributing to the reaction to denervation in muscle. 

SHARE OF THE COMPONENTS OF PERIPHERAL INNERVATION IN THE 
REACTION OF MuscLE TO DENERVATION. That motor denervation has 
the major responsibility for the reaction of the extrafusal muscle to 
total denervation is universally recognized. The only question which 
needs examination is whether or not it is solely responsible, and if not, 
which other components are accessory, and in what manner. 

Posterior root innervation should contribute to the well-being of skeletal 
muscle by the protection afforded by intact sensibility against trauma 
of all sorts, and by the proprioceptive support of muscle tone. Further- 
more, the posterior roots present the possibility of efferent action on 
muscle, either antidromically over the sensory fibers, or, less probably, 
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over fibers emergent from the cord. When put to the test, however, 
these appear to be very minor neurotrophic factors. 

Mott and Sherrington (1895) reported for monkeys a very moderate 
wasting of muscle 4 months after posterior root section, without change 
in color or in electrical reactions. ‘Trophic sores” were, however, a com- 
plication. Working with cats I (193la) could not detect even this 
moderate reaction; a year after ablation of the posterior root ganglia 
supplying the fore-leg the extrafusal muscle fibers showed no morpho- 
logical change whatever, gross or microscopic. Whether a species 
difference, or the coincidence of ulceration be invoked to explain the dis- 
crepancy between monkey and cat, neither posterior root section by 


which only fibers emergent from the cord would degenerate, nor gan-. 


glionectomy by which all the fibers would be destroyed, produced 
sufficient effect to give scope to a specific neurotrophic function of the 
posterior roots. Unfortunately, the skeletal muscle has not been ex- 
amined in the numerous extensive posterior rhizotomies in man of 
indefinite survival, but the lack of reports of atrophy in these cases may 
be taken to indicate that in man as in other mammals the total neuro- 
trophic effect of the posterior roots is negligible. 

The work of Kuré (1931) and his associates is not considered in this 
connection. 

Sympathetic denervation: A variety of changes have been described as 
taking place in muscle after sympathetic denervation: changes in muscle 
tone and in fatiguability, in metabolism, in glycogen content, in chro- 
naxie. That the sympathetic system plays no special réle in the main- 
tenance of ordinary tonic contraction, is now adequately proven, but its 
relation to fatiguability, to metabolism in general and to glycogen 
content in particular still needs further elucidation. The altered 
chronaxie (Barron, 1934) is apparent only when muscle is exercised. 
None of these changes clearly reproduces any part of the reaction of 
muscle to total denervation. Acceptable visible evidence of atrophy 
and degeneration would, however, be decisive. At the time of the con- 
troversy over the sympathetic innervation of tonic contraction several 
reports to this effect were made (Hunter, 1925; Kerper, 1928; Gaissinsky 
and Lewantowsky, 1929). On the other hand, a larger and longer series 
of investigations (Jonnesco and Floresco, 1902; Floresco, 1903; 
Takahashi, 1922; Feldberg, 1926; Coates and Tiegs, 1930; Nevin, 1930; 
Tower, 1931b) has yielded no morphological evidence whatever of 
atrophy or degeneration in muscle as long as one year after sympathec- 
tomy in experimental animals and up to six and a half years in man. 
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Likewise, sympathetic denervation has had no demonstrable influence 
on the postnatal growth and development of skeletal muscle (Cannon, 
1930; McCullogh, McFadden and Milroy 1930; Harris and Wright, 
1930; Tower, 1932a). 7 

Combined posterior root and sympathetic denervation has also been ex- 
amined for effect on the extrafusal muscle fiber (Tower, 193la; Hinsey, 
unpublished), again without result. Hinsey’s study gave statistical 
treatment to measurements of cross sectioned area of over 8,000 muscle 
fibers, half normal, half affected by the dual operation for a period of 
2 years. 

Posterior root or sympathetic denervation in conjunction with ventral root 
denervation: Although separate elimination of the posterior root, and 
sympathetic innervations of the organ, skeletal muscle, does not evoke 
any part of the reaction to denervation in the extrafusal muscle tissue, 
this does not exclude the possibility of their accessory contribution to the 
reaction to motor denervation. Particularly might the sympathetic 
innervation be expected to have some influence through its vascular 
control. To examine these possibilities systematically in cats, I com- 
pared (1935): first the effect of ventral root section with that of peripheral 
nerve section; then the effect of ventral root plus sympathetic gan- 
glionectomy, and of ventral root plus posterior root ganglionectomy 
with peripheral nerve section, each of 4 months’, 6 months’ and 1 year’s 
duration. Even including endothelial hypertrophy, all the results of 
total denervation of muscle were reproduced by ventral root section 
only, or by ventral root section in combination with dorsal root or 
sympathetic ganglionectomy, with the exception of certain results in 
the spindle which will be separately considered next. 

The reaction to denervation in skeletal muscle therefore develops 
entirely as the result of motor denervation, the other innervations of the 
organ, skeletal muscle, making no contribution whatever. 

REACTION TO DENERVATION IN THE MuscLE SPINDLE. Because of 
its double innervation, by sensory and by motor nerve fibers, the muscle 
spindle presents a special, and interesting problem in neurotrophic 
relationship on which so far only morphological evidence is available. 
For a long time it was thought, on the authority of Sherrington (1894), 
that the spindle is exempt from regression following denervation. This 
is not the case. Even before Sherrington, Onanoff (1890) had presented 
evidence from man and from experiments on dogs, suggesting that the 
intrafusal muscle fibers are in trophic and motor dependence on the 
anterior horn cells. Among later writers, Forster (1894), Horsley 
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(1897), Tello (1907b), and Willard and Grau (1924) have supported 
Sherrington, while Batten (1897), Jamin (1904), Boeke (1916), Rosin 
(1919), Tower (1932b), and Chor, Dolkart and Davenport (1937) have 
agreed in essence with Onanoff. | 

The only study of the effects of differential denervation in the spindle 
is my own (1932) on cats. Taking up first the problem of whether or 
not the spindle exhibits any reaction to denervation, I examined the 
condition of the spindle after total denervation of four months’ to one 
year’s duration. Denervation was maintained by repeating the periph- 
eral nerve section as often as necessary. By this means it was estab- 
lished that all parts of the spindle react to total denervation in much the 
same manner and time as the rest of the muscle, although because of the 
initial small size of the muscle fibers, and the central location of their 
nuclei, the early and atrophic changes are less conspicuous. The muscle 
fibers become smaller, the nuclei first round up and later swell and 
degenerate, the cross striation fades, the longitudinal striation intensifies, 
and unless acute degenerative processes attack and destroy the intra- 
fusal fibers first, the end is fibrous metaplasia of the muscle fiber. The 
investing fibrous connective tissue is also increased, and the vascular 
endothelium thickened. 

To determine which of the components of peripheral innervation con- 
tribute to the reaction, and what, I then examined the spindles after the 
components of innervation had been separately eliminated for from four 
months to one year. Sympathetic denervation produced no noticeable 
effect in the spindle. With ventral root section, the polar regions of the 
intrafusal muscle fibers atrophied and degenerated along with the extra- 
fusal fibers, and the capsule thickened, but the equatorial region re- 
mained intact. These regions, invested by a dilated and thickened 
capsule, then formed conspicuous objects in the mass of otherwise 
atrophied muscle. After dorsal root ganglionectomy, the reaction was 
confined to the equatorial region. Here the number and volume of 
nuclei were reduced, seemingly by fusion, while the cross striated sub- 
stance gradually increased until the intrafusal muscle fibers took on 
throughout their length the morphology of the polar regions. The 
capsule, which was not thickened, also invested the fibers more closely. 

The dorsal and ventral spinal roots therefore contribute to the reac- 
tion to denervation in the muscle spindle as they share its innervation. 
Following partial denervation, motor or sensory, that portion of the 
structure of the intrafusal muscle differentiated to receive the destroyed 
innervation atrophies and degenerates: after motor denervation the 
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cross striated structure; after sensory denervation, the equatorial 
aggregation of nuclei. The reaction to motor denervation resembles 
in all respects that of the extrafusal muscle fiber. The reaction to 
sensory denervation, on the other hand, introduces new phenomena and 
new considerations. 

ANALYSIS OF THE REACTION OF MuscLE TO DENERVATION. Re- 
viewed as a whole, the reaction of muscle to denervation takes place in 
three phases. First is a period of three to perhaps seven days after nerve 
section during which the muscle is inactive. In this period the nervous 
tissue in conjunction with the muscle degenerates. Within the muscle 
tissue itself, the changes recorded are slight. Morphologically, thé 
nuclei begin to react both in the sole-plates and in the body of the muscle 
fiber, but atrophy is negligible. Chemical study has not scrutinized this 
early phase minutely except in Fenn’s (1937) potassium analyses made 
for quite another purpose, but such fragments of evidence as are avail- 
able are suggestive. Physiologically, the emergence of slow contraction 
toward the end of this period, and the rising chronaxie demonstrate 
that far-reaching alterations are taking place, beginning perhaps at the 
moment of denervation. 

Abruptly, the end of the first phase and the beginning of the second are 
signalled by the onset of spontaneous, rhythmical contraction which then 
continues probably for so long as the muscle survives, perhaps for years. 
The development of this activity appears to coincide with the disin- 
tegration of the nervous tissue. Certainly it ushers in rapid, progressive 
atrophy, a process involving reduction in the size of the muscle and of 
each of its component fibers. Throughout this phase the characterizing 
structure of the tissue is conserved in the cross and longitudinal stria- 
tions, together with its characterizing function, contraction, and a 
normal content, estimated for the muscle tissue itself, of water, protein, 
phospholipid (?), phosphate and creatine, and potassium,—that is, of 
the essential materials of chemical structure. 

Transition from the second to the third phase is gradual, over months 
and perhaps years. By atrophic elimination of the substance of the 
muscle fibers until cross striation is no longer visible and only longi- 
tudinally disposed fibrils remain, and by proliferation of interstitial 
fibrous tissue, a structure is produced which is intermediate between scar 
tissue and tendon, and almost certainly incapable of either excitation or 
contraction. 

Interrupting the regular sequence of atrophy and transformation into 
fibrous tissue, acute degenerative processes may lead at any time to 
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complete destruction of single fibers, or groups of fibers, and their re- 
placement by scar tissue, but these acute degenerative processes appear 
to be accidentally determined, and not, like atrophy and fibrous meta- 
plasia, the inevitable consequence of denervation. 

The mechanism of the reaction of muscle to denervation is less easily 
analyzed than its course. 

The reaction of the nuclei of muscle to denervation, early and late, 
may be fairly adequately accounted for. The reported degeneration of 
the central nuclei of the sole-plate presents the greatest difficulty, but 
the probability that these are non-muscular in origin (Couteaux, 1938a), 
makes an explanation less imperative in this review, while opening 
possibilities of specific neurotrophic relationship between nerve and its 
investing neurilemma. The exterior nuclei of the sole-plate and the 
subsarcolemmal nuclei react similarly in a manner which suggests initial 
stimulation, followed either by death or by subsidence of the stimulated 
state. That the sole-plate nuclei should react is not surprising, con- 
sidering their proximity to the disintegrating nervous tissue, but the 
reaction of the nuclei all up and down the sarcolemma, and before the 
process of nerve disintegration has reached a climax, strains the concept 
of toxic stimulation by the products of disintegrating nerve. Loss of a 
specific neurotrophic agency cannot very well be again invoked because 
later the nuclear reaction subsides, while the absence of such an agency 
should continue in effect. The early change in form of the nuclei is 
probably most simply explained by Speidel’s (1938) observation that in 
tadpole muscle fibers relieved from tension, the nuclei round up and 
develop a single nucleolus. Quite possibly the early rounding up of the 
nuclei in denervated muscle represents nothing more than a reaction in 
the initially flaccid muscle to release of tension, with subsequent length- 
ening out again much later as contracture sets in, establishing a new 
unremitting structural tension. The original loss of orientation to the 
sarcolemma, and failure to reorient to it may, however, be évidence of 
some additional change relating specifically to the cell surface. 

The depletion of nuclear chromatin and swelling and disintegration 
of the nuclei in the first weeks or months suggest fatigue proceeding to 
exhaustion, which may be ascribed to the continuous functional demand 
of fibrillation. From the sixth month on, however, the surviving nuclei 
resume much their original form though not their orientation to the 
sarcolemma, and thereafter atrophy and disappear commensurate with 
the cytoplasmic atrophy in a manner suggestive of the maintenance of 
a nucleo-cytoplasmic ratio such as Schiefferdecker (1909) has postulated. 
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If there is, in fact, no nuclear proliferation, the totality of the nuclear 
reaction early and late is thus fairly adequately accounted for. If, on 
the other hand, there is a real proliferation, this may represent an initial 
response on the part of the denervated muscle fiber to the increased 
functional demand of fibrillation whereby the nuclear mass is increased 
as Schiefferdecker’s theory requires. Later, this demand should di- 
minish again, slowly with the atrophic reduction in the mass of cyto- 
plasm, and more rapidly as the muscle goes into irreversible contracture, 
permitting the later reduction in nuclear mass. The old concept that 
the nuclear reaction is regenerative is not supported in any way by 
results produced. 

That two modes of excitation and contraction, fast and slow, are 
present in the normal muscle fiber is now fairly well established. (For 
evidence and discussion read Bremer, 1932.) These two modes of 
response need not represent separate contractile mechanisms such as the 
sarcoplasm and fibrils of Bottazzi’s (1901) old concept, but merely two 
modes of employment of one basic mechanism of muscular contraction 
by excitatory processes which differ as much as 100 fold. In normal 
muscle the rapid mode of contraction is dominant. Denervating skele- 
tal muscle brings the slow mode into prominence partly by weakening 
and probably eliminating the rapid mode, partly by increased excita- 
bility of the slow mode as evidenced by the increased sensitivity to elec- 
trical stimulation by constant current and to mechanical stimulation, 
as well as to a variety of chemical and pharmacodynamical agents. 
Contractility itself survives, to respond in either mode so long apparently 
as the basic structure survives at all, probably for years, although finally 
the muscle becomes more or less involved in irreversible contracture. 
The disappearance of the rapid mode does not correlate with disintegra- 
tion of the nerve fiber, which is complete in a matter of days, for chro- 
naxie only begins to rise sharply as indirect excitability is abolished. 
And the rapid contraction is known to persist for at least a month, and 
probably for longer. This locates the rapid mechanism, and its de- 
generation, within the muscle fiber. There, the onset and final com- 
pletion of changes in the quick mode of excitation and response parallel 
suggestively the reaction and destruction of the sole-plates. The de- 
generation of the central nuclei and associated cytoplasm may be the 
significant fact in this connection. After destruction of the rapid 
mechanism, in the sole-plates or elsewhere, the mechanism of muscular 
contraction can only be brought into play in the slow mode, and with a 
correspondingly slow chronaxie. Even this slow mechanism is not, 
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however, exempt from attack after denervation, for its chronaxie is a 
function of the degree of wasting of the muscle, rapid wasting being 
accompanied by a corresponding increase in chronaxie, and perhaps by 
increasing sluggishness of contraction. This lengthening of slow time- 
characteristics in conjunction with atrophy raises the question, by 
analogy with nerve, of a possible inverse relationship of fiber size with 
chronaxie and with speed of contraction, when by denervation all special 
excitatory mechanism is eliminated and the time-characteristics are 
those of the fiber itself. 

The fibrillation of denervated muscle is obviously a problem in altered 
excitability and contractility, and should be explicable in terms of the 
basic physiological alterations just described, but first the unit in action 
must be established, and its rate. A rate of contraction between 2 and 
10 times a second in the individual fiber does not suggest the slow mode of 
response. On the other hand, if the contraction involves only a small 
portion of the fiber, adjacent portions, or adjacent fibers might respond 
in such time-sequence as to give an impression of this rate, yet the 
local state of contraction be considerably more enduring. Or recovery 
after such a local contraction might be very much more rapid than after 
contraction of the entire fiber. Since fibrillation continues for a year 
or more after denervation, it seems improbable that it operates in the 
rapid mode. If it does not, then, operate in the slow mode, it must 
represent a new form of response, which is unlikely. 

The outstanding problem presented by fibrillation is the mechanism 
of excitation of this spontaneous rhythmical contraction, The coin- 
cident development of fibrillation and of acetylcholine sensitization 
focuses attention on the possibility of acetylcholine excitation. Since 
Dale, Feldberg and Vogt (1936) obtained no demonstrable release of 
acetylcholine on direct stimulation of denervated muscle, a source of 
acetylcholine adequate to maintain the muscle in continuous fibrillation 
for months presents a difficulty. On the other hand Bender and Ken- 
nard (1938) appear to have demonstrated that under exceptional cir- 
cumstances of fright and sudden effort an acetylcholine-like substance 
circulates in the blood in concentration sufficient to excite the con- 
tracture mechanism of denervated facial muscle. If fibritiatiou repre- 
sents a lesser degree of excitation of the same mechanism, the smaller 
concentration of acetylcholine necessary for this might possibly be 
available continually in the general circulation, if not locally. Denny- 
Brown and Pennybacker (1938) argue strongly in favor of the acetyl- 
choline stimulus, supporting their argument with an observation credited 
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to Langley and Kato that physostigmine markedly enhances fibrillation 
in denervated muscle. Langley and Kato (1915a) themselves state, 
however: “In the considerable number of observations we have made on 
this point, we did not find any striking increase in fibrillation on giving 
physostigmine. Some effect appeared in nearly all cases to be produced 
but in view of the difficulty of observation, we feel no certainty that the 
appearance was not illusory.’’ Transitory eserine augmentation was 
observed by Rosenblueth and Luco (1937), who nevertheless consider 
acetylcholine stimulation improbable. 

Certainly an explanation for this steadily continued, rhythmical con- 
traction which does not go outside the muscle would be more acceptable. 
In a relevant study of rhythmic discharges in skeletal muscle fibers 
Adrian and Gelfan (1933) have shown that local depolarization of muscle 
fibers tends to produce rhythmic contraction, although a slowed rate of 
adaptation is probably the significant factor. With the evidence at 
hand it is not possible to fix upon any one condition in denervated 
muscle which might underlie local depolarization. The largely increased 
calcium content might be suspect because Watchorn and Murray (1938) 
showed for the embryo chick’s heart that a relative increase of calcium 
at the surface of the cell over potassium in the interior, if great enough, 
stops beating and induces fibrillation. Against this, however, as the 
mechanism of denervation fibrillation is the fact that Langley (1916) 
was able to stop the fibrillation with local or intravenous calcium lactate. 
Some far reaching surface change is, however, suggested by a variety of 
considerations. The susceptibility of fibrillation to anoxemia (Langley 
and Kato, 1915a) suggests that a restorative process, possibly at a 
surface, is far from vigorous at best, and easily becomes ineffective 
resulting in persisting depolarization and inexcitability. Likewise the 
increased sensitivity of the slow mode of response in denervated muscle to 
mechanical and electrical stimulation and to potassium chloride (Brown, 
1937), that is, to stimulation in which acetylcholine sensitization has no 
suspected part, demonstrating as it does a basic condition of hyper- 
excitability which might very well give rise to spontaneous rhythmical 
contraction, can be best interpreted as a surface phenomenon, although 
what surface is involved is not indicated. The loss of nuclear orienta- 
tion to the sarcolemma may be hesitantly recalled in this connection. 
Furthermore, if Denny-Brown’s reported early changes in contractility 
are in any way analogous to the phenomenon behind chronaxie of sub- 
ordination, they may similarly represent an altered state of polarization 
of the cell surface related very immediately to loss of nerve function. 
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Cannon and Rosenblueth (1936) have argued pertinently in this con- 
nection, that the general phenomenon of sensitization to neurohumors, 
specifically including acetylcholine sensitization of skeletal muscle, is 
only one example of the increased permeability of denervated structures 
to numerous stimulating agents; that is, one example of a surface altera- 
tion. Until all the possibilities intrinsic in the muscle have been in- 
vestigated, it seems premature to fasten upon acetylcholine stimulation 
without unequivocal evidence of its presence. 

Irreversible contracture may perhaps be considered the end-point of 
fibrillation. If fibrillation results from a state of partial depolarization 
of the muscle fiber however set up, and if this depolarization becomes 
more complete as atrophy progresses, then at the point at which the 
depolarization remains complete, contracture should develop. In this 
state the muscle fibers should be inexcitable,—an interpretation which 
agrees with clinical experience in man. 

The neurohumeral mechanism of muscle is affected by denervation 
in two ways. Sensitization to acetylcholine might perhaps be easily 
accounted for if a choline esterase is concentrated in the neighborhood 
of the nerve endings of skeletal muscle, as Marnay and Nachmansohn 
(1938) believe, and disappears in large part as these degenerate, as 
Martini and Torda (1937) have claimed. The rate of disappearance of 
choline esterase given by Martini and Torda (1937) is too slow to cor- 
relate with destruction of the nervous tissue, but correlates well with 
the onset and course of destruction of the sole-plates. The difficulty 
with this interpretation is that Marnay and Nachmansohn (1937) not 
only failed to substantiate Martini and Torda, but found the choline 
esterase of muscle actually increased after denervation. However, if 
acetylcholine sensitization is only one example of a general condition of 
sensitization, as Cannon and Rosenblueth believe, including sensitiza- 
tion to such different substances as potassium chloride and nicotine, 
this eserine argument loses all point. Dale, Feldberg and Vogt’s 
(1936) failure to obtain acetylcholine on direct stimulation of denervated 
muscle could result either from elimination of the acetylcholine pro- 
ducing mechanism following denervation,—whether correlated with 
nerve or sole-plate destruction their data do not indicate. Or it could 
result from continuous exhaustion of this mechanism by the continuous 
fibrillation, analogous with their failure to obtain acetylcholine from 
fatigued muscle. Considering the almost certain association of acetyl- 
choline production with some portion of the nerve ending, nervous or 
non-nervous, this latter is very improbable. 
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The opening of the second phase of the reaction of muscle to denerv- 
ation by the coincident onset of fibrillation and of-atrophy at first con- 
fuses the analysis of mechanism, for either one may reasonably be 
postulated to underlie the other. If, however, fibrillation be considered 
to climax a progression of change in excitability and contractility 
perhaps beginning even at the moment of denervation, then the fibrilla- 
tion takes precedence as Langley was inclined to believe. And the 
slight evidence of Fenn’s figures on potassium, and Cathcart, Henderson 
and Paton’s on creatine support this view. For the high values for these 
structural materials in the first phase, and their rapid depletion in the 
second, suggest that with the onset of fibrillation, the muscle is pre- 
cipitated into atrophy from a previous state of rest and accumulation. 
The precipitate glycogen depletion described by Knowlton and Hines 
is in agreement with this, but because glycogen is less an essential 
structural material than a material stored for fairly immediate use, 
its depletion is less a demonstration of atrophy than of excessive 
use. The extraordinary depletion of phosphocreatine with a normal 
creatine content is probably the best gauge of the intensity of the 
fibrillary activity, representing a degree of fatigue which cannot be 
attained in the intact mammal. In this connection Fenn (1938) found 
that the depleting effect of electrically excited activity on the potassium 
of normal muscle was at a maximum with rhythmical contraction at a 
rate of 8 per second,—within the range of the rate of fibrillation. 

Granting the precedence of fibrillation and its extraordinary intensity, 
atrophy is easily accounted for as driving of the muscle, inadequately 
protected by its refractory property, even to the point of utilization of 
its own structural materials. Less grave atrophy has, in fact, been 
described by Lorenz (1904) as developing in normally innervated, but 
overworked human muscle in relation to occupation. In late stages of 
denervation, the onset of contracture should terminate the exhausting 
demand, and perhaps helpto preserve muscle tissue for the long periods 
for which it is known to survive in man. And if the contracture is only 
comparatively irreversible, like the contracture of local tetanus (Ranson 
and Ranson, 1929), permitting the muscle fibers to make a spontaneous 
recovery during the rest interval of contracture, individual fibers may, 
perhaps, alternate between contracture and inexcitability, and renewed 
excitability and fibrillation, although the muscle as a whole remains 
set in contracture. Such a condition would allow the survival for many 
years of a low-grade excitability and contractility of the muscle as a 
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whole, and the continuance of fibrillation suspected in Proebster’s case, 
phenomena which are otherwise explicable only by assuming extra- 
ordinary differences between individual muscle fibers, differences causing 
some fibers to go into contracture two months after denervation, and 
others not after twenty years. | 

The middle phase of the reaction of muscle to denervation presents 
one last problem of mechanism in relation to the acute degenerative 
processes. The interjection into the orderly sequence of atrophy and 
fibrous metaplasia, of these processes, deferred and erratic as they are, 
clearly involves more complex conditions than uniform denervation. 
Their predilection for the central fibrils of deep lying fibers suggests a 
factor of poor nutrition or impaired elimination in their production, 
while their predilection for fibers adjacent to sites of intercurrent in- 
fection such as ulcers or trichina, suggests an exogenous toxic factor. 
These are compatible. The increasing incidence of these degenerations 
up to six months after denervation is easily credited, in a muscle working 
to exhaustion, to increasing interference with both nutrition and elim- 
ination by the fibrosis around capillaries and muscle fibers. Their 
subsidence after six months, in spite of the increasing fibrosis, is also 
explicable because as the muscle passes gradually into contracture, the 
nutritional demands on the tissue should diminish greatly, perhaps to 
the point where the supply is adequate, since almost certainly con- 
tracture involves no metabolism other than the maintenance me- 
tabolism of the tissue. 

Within the muscle spindle, the atrophy and degeneration following 
motor denervation need no special consideration. The same factors may 
safely be assumed to operate intrafusally or extrafusally to the same 
ends. The changes following sensory denervation, on the other hand, 
present novel aspects. For if the sensory innervation is epilemmal 
as is usually believed, what influence is brought to bear by its destruction 
across the cell surface to destroy the equatorial nuclei? - 1, myself, 
(1932b) have questioned this separation of nerve and nuclei. The 
simplest explanation of the nuclear degeneration is probably to be found 
in the concept of Pallot (1934), that the equatorial development of 
nuclei and nerve ramifications is, like the motor end-plate, constituted of 
nerve and neurilemma tissues, the latter contributing the nuclei and 
granular cytoplasm. This ending is, he believes, applied around a very 
thin strand of myofibrillae. Degeneration of these nuclei would then 
be analogous to the degeneration of the central nuclei of the sole-plate, 
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and be a problem, not of nerve-muscle, but of nerve-neurilemma rela- 
tionship. However, this interpretation of these nuclei is not generally 
recognized, not even by Couteaux (1938b). 

The manifold aspects of the reaction of muscle to denervation now pre- 
sent themselves in simpler form. If atrophy and fibrous metaplasia on 
the one hand, and the acute degenerative processes on the other, all re- 
sult from exhaustion of the muscle by the ceaseless fibrillation; and if 
fibrillation, and contracture, are the culmination of earlier changes in 
excitability and in contractility of the denervated muscle;—granted 
these changes, and in addition the factor of flaccidity for its effect on 
nuclear form, and the factor of time; then the reaction of muscle to 
denervation is fairly adequately accounted for. The question may now 
be considered: does this reaction demonstrate the preéxistence of a 
trophic control of skeletal muscle by the nervous system as has so 
generally been believed; and if so, what is its character? 

Trophic control is, in the meaning of the words, nutritional control. 
Clearly, denervating skeletal muscle produces a nutritional disorder by 
imposing a demand in excess of the resources of the tissue. In contrast 
with cardiac muscle which may, apparently, fibrillate over long periods 
of time with impunity, skeletal muscle in fibrillation rapidly depletes its 
stores of glycogen and phosphocreatine and steadily reduces its mass 
until the exhausting demands are, perhaps, arrested by the onset of 
contracture. The question might be raised: why, with this unusual 
demand, the muscle does not hypertrophy. But the demand may be 
too great, or too continuous, or without proper sequence of tension and 
rest. Normal tension is, in fact, not created, while abnormal stretching 
must be constantly taking place. Langley (1916) first clearly recog- 
nized the analogy between denervated and fatigued muscle, but long 
before that the resemblance between the reaction of muscle to denerv- 
ation and its reaction in extreme starvation had been repeatedly pointed 
out. In the presence of the fibrillation of denervated muscle, the con- 
cept of disuse atrophy becomes quite inapplicable even though it can be 
shown that muscle disused in other circumstances does atrophy. The 
same holds, likewise, for Bradley’s (1938) concept of autolytic atrophy. 
Activity as such, though unquestionably a neurotrophic agent influenc- 
ing both the development and maintenance of skeletal muscle, is not the 
neurotrophic agent eliminated by denervation. 

Since fibrillation creates the excessive demand on denervated muscle, 
the nature of the normal control which is disordered by denervation 
should be evident in restraint of fibrillation. If it should be shown in 
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warm-blooded embryos that an original, spontaneous, rhythmical con- | 


traction is suppressed in conjunction with innervation of the skeletal 
muscle fibers, the suspicion that nervous innervation serves to restrain 
spontaneous activity throughout the life of the fibers would be rein- 
forced. But this has not been done. Since the onset of spontaneous 
rhythmical contraction after denervation of fully developed muscle 
appears to climax earlier changes in excitability and contractility, the 
nature of the abolished control may more logically be sought in these. 
If it shall be proven that acetylcholine sensitization is the cause of these 
early changes, and if disappearance of choline esterase shall be shown 
to be the cause of acetylcholine sensitization, then choline esterase will 
qualify as a specific agent restraining spontaneous action; but the diffi- 
culties in the way of accepting this hypothesis have already been brought 
out. Moreover, little is gained by assuming acetylcholine stimulation 
of fibrillation alone, if the earlier changes require separate explanation. 
On the other hand, it does not seem possible to account for these early 
changes, and perhaps the resignation of sarcolemmal orientation by the 
nuclei, other than by postulating some specific agency in the motor 
innervation of skeletal muscle. This may involve substantial transfer 
from the nerve to the muscle, or it may employ other means of inter- 
action. Certainly it is not activity as such. The agency exists as a 
conditioning influence which is essential to the maintenance of the 
normal physiological properties of the muscle fiber, notably the dom- 
inance of the rapid mode of response over the slow and the suppression 
of spontaneous contraction. Not improbably it determined the de- 
velopment of these in the embryo. Unquestionably this potent in- 
fluence of the nervous system constitutes a proper neurotrophic control 
of muscle such that the motor innervation of skeletal muscle may be con- 
sidered a trophic innervation. Nevertheless, it should be clearly 
recognized that this influence is only a part, although in warm-blooded 
animals the major part, of the total neurotrophic contro! of skeletal 
muscle, and that the use of the phrase describes a result produced, 
but is a very inadequate description of the means of its attainment. 
On first consideration fibrillation presents itself as a unique condition 
incidental to the denervation of skeletal muscle, but this is not the case. 
The spontaneous fibrillation of denervated muscle can be matched with 
other instances of spontaneous activity of denervated tissues: with the 
paralytic secretion of glands, or with the reported spontaneous discharge 
of decentralized sympathetic ganglia (Govaerts, 1935, 1936) if this shall 
be confirmed. Moreover, although smooth muscle does not fibrillate 
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when denervated, the recovery of tone in denervated blood vessels, and 
possibly in the iris and nictitating membrane and other sites, may con- 
stitute a corresponding phenomenon of slower time characteristics. 
Furthermore, in all these cases the development of spontaneous activity 
is accompanied by sensitization to neurohumors and in all except the 
smooth muscle, by atrophy. If these analogies are correctly drawn, 
then the reaction of muscle to denervation is not a reaction peculiar 
to muscle, but a phenomenon of relationship between nerve and non- 
nervous tissues of broad significance. 
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STUTTERING! 


STANLEY COBB anp EDWIN M. COLE 


Departments of Psychiatry and Neurology, Massachusetts General Hospital, 
Boston, Mass. 


Man alone talks, and only in man is there a cerebral development 
sufficiently complex to serve as a mechanism for language. How this 
developed phylogenetically is admirably told by Elliott Smith in his 
Essays on the Evolution of Man (1). In phylogeny there is evident a 
close relationship between the development of binocular vision, manual 
skill, and finally a leading hand and leading cerebral hemisphere. When 
man’s shrew-like ancestors took to trees and left behind them quadru- 
pedal locomotion, their fore-limbs were emancipated to become hands, 
and the possibility of dexterity (with all that it implies) developed. 

Other vertebrates specialize and reach narrow superiority by unique 
development of one type of sense organ. The hawk has a far better 
visual apparatus than man; the hound specializes on olfaction and lives 
in a world of smell; the bat has an auditory equipment beyond com- 
parison. Man excels because of lack of specialization. His specialty 
‘is a leading hemisphere, evenly developed in the reception and elabora- 
tion of all types of sensory impression. It is this even development 
that allows for association between the different sensory receiving sta- 
tions; and it is the development of the mechanism of association that 
has made intellectual behavior possible. Other vertebrates lost the 
possibility of intellect when they developed great excellence of one 
sense organ at the expense of an even development of all. — 

We have used the term “dexterity.” Why is it “dexter,” right? 
There is some evidence that rats are somewhat right handed (2) and 
crabs appear to tend that way, but in man alone is it definite. About 
seventy-five per cent of men are right handed, the remaining twenty- 
five per cent are left handed or ambidextrous (3). Various explanations 
have been given, from heliocentrism to blood-flow to the brain. None 


! Stuttering and stammering are practically synonymous words; the former 
indicates the more repetitive vocalization, the latter the more blocked speech. 
The difference is unimportant. 
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aré at all convincing. The most probable seems to be that it happens 
through the chance of Mendelian inheritance (4). 

The dominance of the left hemisphere is marked in right handed 
people, but the functions are probably not confined to the left hemi- 
sphere; the dominance is relative. Recent studies (5, 6) have shown 
that even speech is subserved in a rudimentary way in the right hemi- 
sphere of right-handed persons. With a leading hemisphere in which 
there is a predominant centering of manual skill (praxia) symbolic 
understanding (gnosia), and language, there is great need of many 
associative tracts. The function of language needs both praxia and 
gnosia, in fact, each needs the other two for effective behavior. Never- 
theless it can be taken as a proposition that language is the most highly 
integrated of man’s functions. Although the integration is most com- ’ 
plex at the cerebral level, it is integrated at several lower levels (7). 
Schematically one may divide these into five: the newromuscular level 
takes in the peripheral muscles of speech in larynx, lips and tongue, 
with nerve cells in the medulla oblongata and axones to the muscles. 
Disturbances of this level lead to paralysis or partial paralysis of the 
speech mechanism with different degrees of aphonia. Cortico-bulbar 
neurones make up the next level and lesions of these (most commonly 
in the cerebral peduncles) cause dysarthria. The cerebellum is a co- 
ordinating mechanism of great importance in speech. Lesions here 
result in asynergia causing such symptoms as “scanning,” explosive 
and monotonous speech. Only at the cerebral level do agnosia and 
aphasia result from lesion. 

More complex than any of these fairly well understood mechanisms 
is the level of language that is disturbed in stuttering and stammering. 
Little is known of its cerebral localization. Evidence indicates that it 
is closely connected with emotional expression, and with dominance of 
one cerebral hemisphere, or lack of clearly defined dominance. The 
physiology of this fifth and highest level is unknown. At best, it is 
sketchily indicated by clinical data. 

So much has been written about the causes and cure of stuttering 
that, in a short article of this sort, full justice to all points of view cannot 
be given. Nevertheless for the sake of simplification the principal 
schools of thought can be grouped into three categories and discussed 
in that way. 

I. The older physicians dealt. with stuttering as a disturbance of the 
peripheral speech mechanism (8). There is much to recommend this 
approach to the problem, for the presenting symptoms obviously con- 
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sist of disturbed functions of lips, jaws, tongue, throat and chest when 
the stammerer.speaks. Physicians, elocutionists, and other teachers 
studied the movements requisite for proper sound production. Drills 
were devised to overcome the ‘improper’ speech patterns which the 
stutterer had developed. It was thought that spasms of certain muscles 
(which are indeed present) caused the impairment of speech. A variety 
of exercises to promote muscular relaxation were used (9). Frequently 
physicians went so far as to perform operations to overcome stuttering. 
Even today in our clinic we see children who come in because of stam- 
mering who have had recommended or performed as therapeutic meas- 
ures tonsillectomies, adenoidectomies and cutting of a supposed ‘‘tie’’ 
beneath the tongue. We have not seen relief of the symptoms as a 
result of such operations. 

Speech teachers felt that stutterers had not mastered the movements 
required for making some sounds. These patterns were explained to 
the patient, and he was given drills in articulation. Others felt that 
speech would become normal if the difficult sounds were avoided. Con- 
sequently speech was practiced avoiding certain troublesome con- 
sonants or all initial consonants. An easy vowel sound was sometimes 
used as a start (10). 

It was considered by some that the respiratory mechanism was at 
fault. These workers observed that when speaking the stutterer’s 
respirations were irregular, or he talked during inspiration or at the end 
of expiration when there was insufficient air in the lungs to make proper 
sounds (11). Consequently breathing exercises, timing with a metro- 
nome, blowing balloons or candles while talking and other similar 
methods were used. 

Certainly more therapists have attacked stammering from the point 
of view of faulty speech mechanics than from any other single angle; 
and probably more stutterers have been helped by these methods than 
any other. The results indicate that here is at least one vulnerable 
point of attack, and it should be respected and investigated. Unfor- 
tunately, many therapists are prejudiced and ride hobbies; they con- 
sider all methods except their own as “‘superficial.’”’ ‘The proof of the 
pudding is in the eating,” however, and in the light of actual results, 
one must admit that a great many stammerers are helped by speech and 
breathing exercises, but we know of some that have been made worse. 
Whether the good results are due to the training or to the suggestion _ 
psychological situation is a moot question. 

II. From the mechanical school developed the psychological iadioia. 
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Forerunners of this point of view were those who long ago considered 
stuttering a “habit”: the result of a fright either pre- or post-natal, or 
of imitation of other stutterers. It was recognized that the speech 
mechanism might not be at fault as much as its control by the mind.” 
The development of this point of view has coincided with the awakening 
of scientific interest in psychological disorders and with increased in- 
sight into the fact that the “body” and “mind” are not separable, but 
one integrated unit. 

From this newer approach, stuttering is considered as a disorder of 
the personality (12). As such the disturbed speech becomes a symptom 
of an underlying conflict, a maladjustment or abnormal emotional 
state, in short, a neurosis (13). It is said that the symptom is the result 
of fear or lack of confidence. Evidence for or against that theory is 
difficult to evaluate. Many of the authors merely express convictions 
and present little or no data. At present the best way to judge of the 
etiological theories is to examine the therapeutic results. 

Sometimes the whole therapeutic effort is to restore confidence and 
banish fear of talking. Suggestion is knowingly employed. The 
stutterer is drilled to master a few sounds, words and then speeches; 
successes are emphasized and confidence is built up. It is probable 
that the drills and exercises do much more than just this; they give prac- 
tice in well coérdinated speech and put bad habits into the discard by 
forming new and better ones. A common trick that often works for a 
time is the association with speech of some habitual movement: the 
stutterer learns that a tap of the foot, nod of the head, whistle, or sing- 
song inflection will get him started on a difficult word. Many stutter- 
ers develop such tricks for themselves and the reassurance and helpful 
suggestion of this “key’’ which unlocks speech, should not be minimized. 
It is impossible even to mention all the confidence-restoring methods 
employed. That they appeal to many is testified to by the large num- 
ber of parents, teachers and physicians who try to encourage the stutter- 
ing child by telling him that he will soon “outgrow”’ his difficulty. It 
is easy for the physician to tell the patient to ‘forget it,’’ but such reas- 


? The term “‘functional’’ is commonly, but loosely applied by many physicians 
to mean “‘psychological.’’ Scientific workers must be careful to speak accurately 
even at the risk of being pedantic. Accurately speaking almost all neurological 
symptoms are “‘functional,’’ because they are phenomena of a disordered function. 
To the physiologist this seems too elementary to be worth stating. Practically 
it is an axiom that must be reiterated to students because of the loose thinking 
of their clinical instructors. 
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surance usually results only in the patient’s rightly losing confidence 
in the medical profession. 

The psychological explanation of stammering is surely a complex 
affair that cannot be described simply as fear and lack of confidence. 
Attempts are being made to be more scientific, but many investigators 
seem to be willing to generalize on as yet inadequate data. It is claimed 
that stutterers have a “type of personality’’ which leads to their par- 
ticular speech disturbance.’ Others describe stuttering as an oral 
neurosis (14); still others emphasize the fear element or the motor “‘tic’”’ 
phenomena. A comprehensive view is much needed 

Adherents of the psychological viewpoint feel that much can be ac- 
complished by reéducation of the patient along many lines. This is 
done by personal ,interviews, discussions of personal problems and a 
variety of speech activities. These restore confidence, give the patient 
a social rapport he has formerly lacked and in many ways satisfy 
cravings which have remained unsatisfied in the stutterer, perhaps 
because of his disability. Institutions have been established the pur- 
pose of which is to eradicate the patient’s fear of speech and to care for 
his needs in respect to contact with his fellows (15). Along these lines 
we find many stutterers helped. One need only visit such a school for 
stammerers, and observe the enthusiastic support and perhaps des- 
perate hope of some of the students, to realize the service it provides, 
A patient who went to one of these schools writes as follows: 


The program of the day consists in having three to four classes of about fifteen 
people. We read out loud very slowly, give short speeches in a slow drawl and 
have breathing exercises. We have aclass of physical exercise to music, swinging 
our arms and legs. The atmosphere all the time is very happy and carefree, our 
handicaps forgotten. Speech is not emphasized at all and we are always told to 
forget it and that we don’t want it. Speech comes after we have gotten control 
of our emotions, intellect and physical activity. These have to be balanced 
perfectly before speech comes. We have two evenings a week where we all gather 
in a hall and make speeches, tell funny stories or anything. I’ve spoken in this 
manner and have had hardly any difficulty. 


Methods of treatment include conversations, speeches, dramatics, 
music, ‘‘rhythms,’’ dancing and other activities which are designed to 
aid the patient in socialization and which afford considerable oppor- 
tunity for exercising language. Psychological reéducation of the in- 
dividual patient along many lines is the prime purpose. The enthu- 
siasm and personality of the director is of great importance. The suc- 


’ Heredity plays a part in this, and is discussed below. 
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cesses are probably to be explained by the tolerant and eclectic approach, 
but the scientifically minded investigator can learn little about etiology 
from so complex a picture. 

Other workers in the psychological fields, considering stuttering a 
neurotic symptom, have recommended a more special type of therapy. 
As an anxiety neurosis stuttering has been studied by the various 
schools of psychological analysis (16). Both psychoanalysis and less 
rigorous forms of individual therapy have been used. In all of these 
stuttering has been considered a symptom of an emotional disturb- 
ance amenable primarily to individual, psychological treatment con- 
sisting of repeated interviews with the patient in which he brings up 
his emotional difficulties and works them out with the aid of the 
analyst. The treatment may take five hours a week for six months or 
for two years. The Adlerian school of ‘individual psychologists”’ be- 
lieve in studying the relation of the patient to his environment espe- 
cially to his parents, siblings, work and ambition (17). This analysis 
of the conscious situation, with some dipping into the less conscious 
reactions as brought out by dreams, is often helpful in a few months. 
The Adlerians consider that the main causes of neurotic symptoms 
are an “inferiority complex,”’ a ‘“‘will to power” and an abnormal striving 
for superiority because of feelings of insecurity rooted in childhood 
experience. There appears to be much truth in this simple formula- 
tion especially when viewed in the perspective of our present compet- 
itive civilization. The type of analysis given by these individual 
psychologists tends to lessen the patient’s feeling of tension; he feels 
less hurried, gains stability and poise by meeting some immediate 
problems, and often (much to his surprise) stops stammering. Dur- 
ing treatment mention is rarely made of the speech defect; it is 
looked upon merely as a symptom that will disappear when emotional 
disturbances are alleviated. 

Blanton (18) gives the best description of the psychoanalytic approach 
to stammering. With his wife as a colleague he has worked for years at 
various aspects of speech disorder and has formulated his results in a 
book For Stutterers (19). They believe that stuttering is merely a 
symptom, the expression of an abnormal emotional state, an anxiety 
resulting from inadequate emotional adjustment to the childhood en- 
vironment. In each stutterer there is a particular cause for the neuro- 
sis which expresses itself overtly in the “stutter.” Treatment of 
stuttering is, therefore, directed primarily at the cause of the neurosis. 
The essential factors in treatment are readjustment of environment, 


| 
| 


STUTTERING 55 


individual guidance and psychoanalysis. The age of the patient and a 


variety of circumstances determine where the main emphasis shall be 
placed. 


The mechanistic theory upon which the Blantons base their treat- 


ment seems to be the following: the “‘parts of the body that are utilized | 


by speech are only borrowed for speech and have their first and most 
vital use in some other field of activity,” such as chewing, sucking, 
swallowing, vomiting, breathing, just as the primary use of the hand is 
for holding objects and is later used for writing after intricate training. 
The cerebral control of speech, at first quite conscious, becomes more 
automatic through the establishment. of normal neuro-muscular pat- 
terns both in the cortex and in the thalamus, basal ganglia and brain 
stem. The physical symptom, stuttering, is attributed to “‘an emotion 
that blocks off’’ the “‘control of the cortex over the thalamus and lower 
nerve centers and allows the primitive patterns” (infantile oral ac- 
tivities) to assert themselves and supplant normal speech movements. 

We consider this theory plausible enough, but there is no good evidence 
to support it. Neurologizing is a useful pastime if it leads to further 
research, but all too frequently such theoretical speculations are quoted 
and soon accepted as facts. 

On the basis of their observations and theories the Blantons have 
developed a course of treatment. Special emphasis is placed on the 
prevention of emotional aberrations and anxiety states in early child- 
hood, and on the early recognition and treatment of stuttering. In the 
child, treatment is a ‘community project, the community consisting of 
the person with the disability, the members of the family, the teachers, 
and someone in charge who understands the problems of adjustment.” 
The approach to the problem should be entirely one of readjustment of 
the child to its parents, playmates, routine and its general environ- 
ment. Retraining of speech should be omitted. In the adolescent and 
adult, treatment is more of an individual and personal matter, and here 
psychiatry and psychoanalysis play dominant rdles. 

The time and therefore the money necessary to obtain a psychoanaly- 
sis eliminate this type of therapy as a generally practical solution of the 
stutterer’s problem. As psychiatric out-patient clinics develop it is 
hoped that treatment of this sort can be offered to those without wealth. 

The therapeutic approach to stammering, as illustrated by the 
mechanistic school (I) and the psychological ‘school (II), seems largely 
to depend upon the therapist’s concept of the cause of the disorder. 
Because of the vagueness of the etiological conceptions and because 
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human reactions are extremely complex, the forms of therapy overlap. 
The simplest speech drills cannot be used without the establishment of 
some sort of a rapport between therapist and patient which must have 
some bearing on the therapeutic results. Similarly, the psychoanalyst 


_ provides a daily hour of speech exercise under ideal conditions of relaxa- 


tion. 

III. There is a third point of view in regard to stuttering, which, 
recognizing other etiological factors offers a different therapeutic ap- 
proach. Speech production is looked upon as but one part of a complex 
and phylogenetically new skill, i.e., language—including not only speak- 
ing, hearing and understanding speech, but also reading and writing. 
The close association of these processes is clearly demonstrated in 
studies of aphasia where the whole language function or any part of it, 
may be disturbed. It has been demonstrated that certain areas in the 
brain must be intact if the language function is to be normal. These 
vital areas exist to a great extent in one side of the brain; the opposite 
side, though apparently identical in structure, is not essential for the 
carrying on of the processes of language. The aphasias and allied dis- 
orders are due to demonstrable cerebral lesions which prove that lan- 
guage depends upon the structural physiological integrity of certain 
areas in one cerebral hemisphere. No lesions have been demonstrated 
in the brains of stutterers. Nevertheless when one investigates care- 
fully the family histories, one is struck by the frequency with which 
language disturbances recur in families. They include motor speech 
delay, stuttering, reading disabilities and possibly cases of auditory 
confusion in which the understanding of speech is impaired without 
deafness. The evidence is impressive (20) that many of these conditions 
are familial, which strongly suggests that many cases of stuttering are 
caused by some as yet unrecognized structural defects of the brain, 
because only structure is inheritable. If neurosis is defined as malad- 
justment, i.e., environmental, then neurosis cannot be the sole cause 
of stuttering. 

Associated with stuttering and the above-mentioned speech defects 
of unknown etiology there is a familial tendency to left handedness. 
The hemisphere dominant in respect to handedness is usually dominant 
in language. The result seems to be that a defect in dominance is often 
associated both with ambidexterity, motor awkwardnesses and language 
disturbances. When the dominance is distinctly right-brained strong 
left handedness results, but this is less likely to be associated with speech 
defects than the states of mixed dominance. It seems probable that the 
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person whose inherited cerebral dominance is not clearly defined has a 
fusion of the impulses from the two hemispheres and thus has a relatively 
inadequate equipment for the perfection of linguistic skills. From this 
standpoint the stutterer is seen as a person constitutionally vulnerable 
in language. He may stutter, his brother or uncle or cousin may read 
and spell poorly, while his other brother may not talk until he is three 
or four years of age. All are manifestations of the same defective in- 
herited equipment. 

This conception of the cause of stuttering suggests a special therapy 
(21). A careful history will reveal the hereditary factors which are 
felt to be relevant and may also show that the stutterer was trained 
away from his master hand. This used to be the practice when left- 
handed children went to school, but it still is often met with in the 
form of ‘‘helping”’ a child to use his right hand, if he seems only a little 
lefthanded or perhaps ambidextrous. A thorough examination of the 
patient’s use of his hands, feet and eyes will often show which really 
is his dominant hemisphere. Generally in a young child who is known 
to be a converted sinistral—(taught to use his right instead of his 
chosen left hand)—stuttering ean be relieved by retraining in the use 
_ of the left hand. Many stutterers, however, give no such history of 

conversion and may, in fact, be apparently purely right sided in their 
dominance. Here, though the family history will give evidence of 
mixed cerebral dominance, no change of handedness is to be thought of. 
Other means of reénforcing the inadequately established cerebral domi- 
nance are resorted to. This is done by working through allied processes, 
which in the case of one language function, would be the other language 
functions. Help for the stutterer, then, comes from phonetic drills, 
both reading and sounding, from oral reading and from making letters 
with a pencil while reading or speaking. In this way speech, which is 
faulty, is reénforced by reading and writing and speech drills. The 
work done by Orton (22, 23) has pointed the way in this type of therapy. 

In summarizing the problem of the etiology and treatment of stut- 
tering one comes to the almost universal formulation of human biologi- 
cal problems—that of ‘‘the seed and the soil.’”’ That the inheritance 
(seed) is faulty in many cases of stuttering there can be no doubt. 
Therefore there is presumably a structural abnormality* in the brain. 
Persons with such abnormality are less adept in acquiring language and 


‘The word “‘abnormality”’ is used here advisedly and in its true sense of 
“variation from the norm.’’ We do not consider that these common variants of 
dominance deserve the term ‘‘defect.’”’ 
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other motor skills. If the environment (soil) in which such a person is 
nurtured is difficult, especially if emotional stress is imposed on him in 
childhood, he is much more likely than his structurally normal neighbor 
to develop speech defect. It must be remembered that language is the 
most highly integrated function of the brain, and as such is the most 
sensitive indicator of emotions and the most vulnerable. 

There are no satisfactory data to show how many cases of stuttering 
occur in children with normal cerebral dominance, and how many in 
those with mixed dominance. The tests are not clear cut and the 
limits of “‘normal’’ have not been drawn. We have no doubt that stut- 
tering occurs in children born with normal brains, but we are convinced 
that those with mixed dominance are common, and are more likely to 
stutter or stammer if put under the sort of environmental pressure that 
causes neurosis (24). A case in which the boy escaped such pressure 
and never became a stutterer is briefly described in the autobiographical 
note of a well known professor of psychology: 


My father certainly had a conflict of dominance, showing itself in manual and 
visual habits, though further details are not now accessible. My mother seems 
to have been without such characteristics. I suspect that they exist to some 
extent in my only (younger) brother but they are not obvious. I recall in my 
father a very slight stammer, in my brother a distinct one when he was a child, 
but not as an adult. He had much difficulty in learning to read at school, but 
home training overcame it. He teaches English now. I seem to have been 
naturally left-sided; today I always use the left leg most in climbing, keeping most 
articles in left side pockets, steer a car entirely with the left hand. I naturally 
throw a ball with the left hand, learned to throw about equally with the right. 
I learned to write with my right hand, and recall no difficulty. I used kinasthetic 
cues, writing ‘‘in the air,’’ to the amusement of my elders. Also I must have 
learned to read early and easily, and have always been a rapid, though rather 
unretentive reader. It has always been difficult for me to distinguish right and 
left orientations. Asa child I learned to tell my right hand by a small mole that 
was on it; and now my memory image is of that mole on my left hand. I tended 
to reverse letters, like G and §; and in (Pitman) shorthand which I took up at 
about 38, had great difficulty in right and left orientation of strokes. Once I 
mentioned this to the instructor and was surprised that my difficulty seemed an 
unusual one. In school military drills I was especially prone to turn to the wrong 
side. I believe there is also a tendency to confuse even the words right and left 
in giving directions. Thus at motor levels I seem to present a rather marked 
instance of conflicting dominance. 

On the other hand, as above, [ had no difficulty in learning to read. I stam- 
mered somewhat at about 13-14 years, though only traces remain of it now, mostly 
under emotional stress. From an Adlerian standpoint it may be of interest that 
the topic of language had early attraction for me asastudy. It was via philology 
that I came into psychology. Today some of my friends give me credit for con- 
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siderable facility in imitating foreign accents of English. Mechanical relation- 
ships have always been relatively difficult, and suggest that a conflicting 
dominance might be a factor in lack of mechanical aptitude vocationally. It 
must be emphasized as a conflict of dominance, owing to the widespread supersti- 
tion about left-sidedness (our figurative ‘‘sinister’’; “left-handed compliment’’). 


Actually some of the best personalities I have known have been pronouncedly 
left-handed. 


In my own case the conflict of dominance has shown but sporadic effects on the 
language mechanism, manifesting itself mainly and markedly in more massive 
motor functions of a unilateral character. While I would claim no unusual 


freedom from conflict at higher levels, I know of no reason to attribute them to 
factors of bilateral dominance. 


From the therapeutic standpoint it is obvious that the first need is for 
more accurate diagnosis. When one finds obvious ambidexterity or 
other symptoms of mixed cerebral dominance in a child with speech 
difficulty, the procedures devised by Orton should be used. Usually, 
however, the neurological indications are not clear cut; one suspects an 
abnormality of dominance but cannot prove it. The more refined obser- 
vations of Orton (25) and Travis (26) have not yet been corroborated 
nor proven to be practical therapeutic guides. For young children 
without obvious neurological evidence of mixed dominance, the best 
therapy is to treat the parents. Make them see the necessity of a quiet 
environment with an atmosphere of security for the child. Pay no 
attention to the symptoms, but arrange for reading and singing in 
unison, which the child will enjoy and from which he will derive con- 
fidence in speaking. Add to this careful general hygiene and a mini- . 
mum of competition at home and at school. Such a regime if really 
carried out causes the symptoms to disappear in most cases. 

Simple as this regime sounds, it is often impossible to obtain. The 
home situation may have elements of insecurity and tension that are 
incurable; the school may be hopelessly competitive. If the child can- 
not be sent away, the only thing to do then is to wait; when the stutter 
becomes a real impediment and the child grows old enough to want help, 
he can be treated individually. Then intelligently devised speech drills 
will help to combat bad habits of breathing and phonation that have 
resulted from stuttering; they will also build confidence. Any method 
of overcoming the block is better than no method, but the wise therapist 
avoids the tricks, and adheres to physiological principles. To make 
speech an art, a new learned skill, with proper expression, intonation 
and resonance is the aim. Elocution as usually taught is useless and 
often harmful. Practicing a skill is the best way of perfecting it. But 
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there are some cases where this very practice seems to increase the in- 
trospection and self-consciousness; the anxiety and the neurotic element 
are predominant. Here the therapy must be adapted to the special 
case, and wise psychological treatment instituted. Often this is im- 
possible in youth. Perhaps sending the boy away to one of the better 
“stammering schools” will help, but most of these ride one hobby too 
hard and fail to consider the patient as a whole human being. 

In adults, when the symptom has persisted past the age of twenty, 
the problem may be less difficult than in adolescence. The wish to be 
cured has by that time usually been accentuated by economic necessity, 
for stuttering is a most incapacitating symptom in the modern world. 
At this age in some cases the sort of treatment described by Blanton 
(19) is the most hopeful. The psychoanalytic therapy should ease the 
emotional tension; some speech drill will cure bad phonetic habits, and 
group work will help in the needed socialization. The fact that psycho- 
analysis is recommended for adults who stutter does not mean that we 
believe that stuttering is a neurosis. It merely means: that in most 
adults there is little to be done about the inherited factor and the neuro- 
sis has become the greater problem. Some adults, however, respond 
well to the type of treatment referred to as neurological, based on the 
theory of cerebral dominance. 


SUMMARY 
Language is one of the most highly integrated functions of man, hence 


- it is one of the most vulnerable functions and speech disorders are com- 


mon. Stuttering becomes an impediment of greater or less degree in 
about one per cent of the adult population; many more pass through a 
period of stuttering in youth. 

The neurological mechanism that causes stuttering is not known, but 
there is good evidence that a defective cerebral equipment is present in 
many stutterers. The most impressive evidence is that of heredity, 
for the symptom runs in families, and, if inherited, must have a struc- 
tural neural basis. The relationship of this and other types of speech 
defect to ambidexterity has been demonstrated. All appear to be due 
to some variation from the normal in cerebral structure, but no ana- 
tomical abnormalities have yet been found. 

Because language is a social function, and because speech is so closely 
related to emotional life, stuttering has important psychoneurotic as- 


pects. 
There is good evidence that emotional tension and stress in youth 
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precipitate stuttering, and that relief of such tension relieves the symp- 
tom. This does not prove, however, that the symptom is “purely 
neurotic,’ although treating the neurosis may be the most effective 
method of removing the symptom. Three principal types of therapy 
are employed, with many variants and amalgamations: a, the mechanis- 
tic school, which relies on speech exercises, but unwittingly uses a good 
deal of suggestion; b, the psychological schools, where repeated inter- 
views are used to ease emotional tensions, but where incidentally much 
speech exercise comes in; and c, theneurological school where exercises 
aimed at correction of weaknesses of cerebral dominance are employed. 
Obviously the best therapy is to be found when the physician is eclectic; 
when, knowing all the methods and his patient, heapplies an individual 
treatment. 
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RENAL TUBULAR EXCRETION! 


JAMES A. SHANNON 
Department of Physiology, New York University College of Medicine 


We accept as established beyond reasonable doubt that the central 
process in the formation of urine by the glomerular kidney is the separa- 
tion, at the glomerulus, of a protein free filtrate of plasma containing the 
diffusible constituents in the same concentration as in plasma water, 
i.e., glomerular filtration. This process is purely physical in nature and 
the energy effecting the separation is derived from the hydrostatic pres- 
sure of the blood. The elaboration of this fluid into the final product, 
urine, depends upon the cellular activity of the tubules distal to this 
site. This activity consists of the removal of certain substances, 
tubular reabsorption, the addition of others, tubular excretion, and the 
formation, within the cells or at cell surfaces, of new substances which 
eventually find their way in whole or in part into the tubular urine, 
tubular synthesis. Other processes operate in the formation of urine 
but these are secondary to the above and depend upon changes in the 
composition of the tubular urine so effected. The important factors 
determining the latter exchanges between plasma and tubular urine are 
the physical forces that result from the reabsorption of water and the 
operations performed upon the electrolytes of tubular urine that affect 
the relative concentrations of the contained ions and the hydrogen ion 
concentration. With these considerations it js-evident that the overall 
renal excretion of a substance, whethexy or%ot this be affected by nervous 
or hormonal factors, must be corfsidered within the framework of these 
processes; furthermore, that more than a single process may be respon- 
sible for the final content of the substance in the urine. For a considera- 
tion of the evidence that has led to this interpretation the reader is 
referred elsewhere (99). The present review is primarily concerned with 
the process of tubular excretion. No attempt will be made at a compre- 


1The term tubular excretion is used in this review rather than the more 
familiar but more general term, tubular secretion. This is to distinguish between 
the simple transfer of a preformed substance from interstitial fluid to tubular 
lumen and the more complex operation which includes a change in the chemical 
constitution of the substance. 
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hensive consideration of the vast literature that has arisen about this 
subject since the experiments of Heidenhain (1874) suggested that it 
might be important in the formation of urine. Nor will we adhere 
strictly to the chronological sequence of the work that has contributed to 
our present knowledge of this phase of renal physiology. 

Renal tubular excretion is in general characterized by the circum- 
stance that a preformed, diffusible solute is transferred across the tubule 
cell under such conditions that there results an increase in the free energy 
of the system in the form of a concentration gradient. The energy for 
such processes arises locally, being derived from the metabolic activity 
of the cells. The aspects of this subject to be considered are: 

1. The general methods of approach to the problem with special 
reference to those which have resulted in the acceptance of tubular 
excretion as necessary to explain certain phenomena observed in the 
formation of urine. 

2. A consideration of the nature of these processes; that is, their 
mechanism and their cellular limitations. 

_ 3. Their physiological importance in the economy of the organism. 

4. The uses that they have been, or may be put to, in the study of the 
physiology of the kidney. 

METHODS USED IN THE STUDY OF TUBULAR EXCRETION. Perhaps the 
simplest technique that sought to answer the question of whether tub- 
ular excretion was a factor in the formation of urine was the direct mi- 
croscopical examination of kidneys during the elimination of colored or 
fluorescent substances. These experiments were largely confined to 
the kidneys of the fishes and the amphibia which, because of their loose 
_ anatomical structure, are ideal material for this type of examination. 
Except for certain special preparations to be mentioned later, the cri- 
teria used to evaluate the presence or absence of active tubular trans- 
fer are inadequate for this purpose (q.v. 48). Without knowledge of 
the extent of water reabsorption it is impossible to be certain in any 
particular case that a high concentration of dye in the tubular lumen is 
due to a process of tubular excretion; it might as well be caused by the 
concentration of glomerular filtrate by the tubular reabsorption of 
water. The demonstration of a high degree of cellular staining is like- 
wise uncertain evidence of tubular excretion. Localization in the cell 
cannot in itself be taken as evidence that this process is one of storage 
which precedes or accompanies excretion into the lumen. Since en- 
trance into the cell may be from its luminal border instead of from the 
interstitial fluid, this possibility must always be considered when inter- 
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preting simple cellular localization (36, 38). This mode of entry has 
been denied for certain substances, as for example indigo carmine (39 and 
others), because of the inability of the observer to visualize it in Bow- 
man’s capsule. The weakness of this evidence is apparent from the sub- 
sequent demonstration of the glomerular elimination of this substance 
in the frog by direct capsular puncture (70). It was later pointed out 
that, while there was some tubular excretion of indigo carmine, Heiden- 
hain’s error regarding the glomerular elimination of the dye followed 
from his not considering its tinctorial properties and the possibility of 
plasma binding (46). Furthermore, it is now known by direct evidence 
that cellular accumulation in the case of some dyes is due to the simple 
process of vital staining and in some others to a type of seemingly spe- 
cific accumulation that does not necessitate concomitant or subsequent 
extrusion into the lumen (13). 

A more critical use of direct observation combined with a more care- 
ful control of experimental variables characterized the work of Richards 
and Barnwell (1927). They demonstrated directly that frog’s renal 
tubule is capable of taking phenol red into its lumen through its wall 
under conditions that exclude the participation of glomerular function, 
and that KCN is capable of inhibiting this activity. In these experi- 
ments glomerular function was eliminated in the nephrons under exam- 
ination by perfusion of the tubules from below, pressure on the glomer- 
uli, excision of the heart or of the kidney itself. Phenol red was applied 
directly to the surface of the tubule mass or indirectly through renal 
portal perfusion at low pressure. Given adequate oxygenation, the 
tubules of all preparations collected phenol red in their lumina, and 
in most cases the phenol red was in high concentration. It was pointed 
out, however, that tubular excretion might not be the necessary mech- 
anism producing these results. They believed that they were as easily 
explicable on the basis of inward diffusion of water and dye or dye alone 
at one level of the tubule with subsequent concentration by the reab- 
sorption of water and retention of dye at a lower level. In this view 
the active function of the tubule is not related to the entrance of the 
dye but to its retention and the active extrusion of water. They fur- 
ther pointed out that in the kidney of the living animal, in situ, it is 
inconceivable that the concentration of the dye can be increased directly 
by inward diffusion, since, by reason of glomerular elimination, the 
tubular fluid already contains it in concentration as high as, or higher 
than, that in which it exists in plasma water. (It may be noted that 
this suggestion as to the mechanism of transfer of phenol red must be 
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considered in the interpretation of double perfusion experiments on the 
frog’s kidney when the renal portal system supplies the test substance; 
in this case the glomerular fluid contains relatively little of the substance 
as compared to the renal portal fluid, and conditions for the inward 
diffusion of the substance are present.) It was suggested that trans- 
ference of water and phenol red might be accomplished in the normal 
kidney by filtration across the tubule cells as the result of the capillary 
pressure. While from histological considerations it seems unlikely that 
free diffusion occurs across the tubule cells or that the tubules have 
sufficient structural rigidity to permit inward filtration, there was no 
direct evidence opposing such possibilities at that time. There was, 
however, other evidence of a quantitative nature indicating that the 
excretion of phenol red in the frog as well as in the dog is in part by a 
tubular process (54, 59). The authors did not believe that their experi- 
ments proved the nonexistence of a secretory process in the renal tubule 
but they suggested that the simple filtration-reabsorption hypothesis of 
urine formation be retained until more conclusive evidence forced the 
acceptance of tubular excretion as one of the mechanisms of this process. 
This viewpoint is evident in other early contributions from Richards’ 
laboratory and was a factor in the production of more critical experi- 
ments by the proponents of tubular excretion. 

The utilization of histological preparations to evaluate the distribu- 
tion of substances and their relative concentrations in the various parts 
of the nephron is an experimental extension of the direct observation 
of functioning kidneys. In such experiments the test substances are 
visualized by virtue of their own tinctorial properties or by histochem- 
ical procedures. These techniques are subject to an additional criticism 
as well as those cited in relation to simple observation. The handling 
_ of the tissue in its histological preparation may permit a rearrangement, 
by diffusion, of the concentration relationships existing in the function- 
ing organ. The recent improvements in the preparation of tissues for 
examination (28) remove, in large part, this objection, but such pro- 
cedures have as yet added little to our knowledge of these processes. 
Except for a possible bearing on the excretion of urea in the frog, the 
chemical determination of concentration relationships between plasma, 
urine, and various parts of renal tissue is of little aid in the interpreta- 
tion of the mechanism of excretion of a substance. These techniques 
are more quantitative than the others in their evaluation of these re- 
lationships but the same objections may be brought to bear as in the case 
of the direct visual examination. We have made a possible exception 
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in the case of urea excretion in the frog (54) because the high diffusibility 
of urea suggests that the localization in the tubule cells is an active 
process of some type; whether this is related to the active tubular reab- 
sorption of urea, its tubular excretion, or some other process must rest 
on other independent evidence. It may be noted here that cellular 
localization in the sense of storage may not be a necessary feature of 
tubular transfer (see p. 79). 

In the fishes, amphibia, reptiles, and probably in the birds, the kidney 
is served by a dual blood supply, the renal branches of the aorta being 
distributed in large part to the glomeruli while the renal portal system 
is primarily localized to the capillaries of the tubular tissue. This 
arrangement of the blood supply has been used extensively in the frog 
as the experimental basis for a variety of work dealing with tubular 
function. Nussbaum (1879) first attempted an examination of tubular 
activity uncomplicated by glomerular function by the simple ligation of 
the aortic arterial blood supply to the kidney. Cullis (1906) sought to 
improve this technique by perfusion of the renal portal system with 
solutions of varying composition at a pressure of 25 to 40 cm. of water. 
Bainbridge, Collins and Menzies (1913) observed that this pressure 
results in the entrance of the perfusion fluid into the glomerular capil- 
laries and they (2) suggested perfusion at a lower pressure (10 to 12 cm.), 
unless the stagnant blood was not washed out of the glomerular capil- 
laries. On the basis of this work Atkinson, Clark and Menzies (1921) 
suggested a double perfusion experiment, the arterial system being 
perfused at 24 cm. and the renal portal at 10 to 12 cm. of water, assuming 
that under these conditions the renal portal fluid does not have access 
to the glomerular capillaries. 

Using one or another modification of these basic preparations an 
enormous literature has accumulated on the subject of tubular excre- 
tion (q.v. 24). It is recognized that these preparations may serve a 
useful purpose in the study of these processes, but the results of all 
these researches must be held suspect if weighed from the standpoint of 
the establishment of tubular excretion as one of the mechanisms operat- 
ing in the normal formation of urine. Nussbaum (1879) observed the 
reéstablishment of urine flow following the administration of urea to a 
frog that had been rendered anuric by ligation of the renal branches of 
the aorta. This observation was held to be strong evidence favoring 
tubular excretion but is easily explained on the basis of a reéstablishment 
of glomerular function. In an anatomical and functional study it was 
adequately demonstrated that simple ligation of the renal branches of 
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the aorta does not exclude the glomerular capillaries from the circula- 
tion under the conditions of Nussbaum’s experiment (45). It was 
shown that they receive a significant collateral blood supply from one of 
the two divisions of the normal arterial supply to the ureters. The 
administration of urea to a Nussbaum preparation results in the re- 
establishment of glomerular circulation through the dilatation of these 
collateral branches. The ligation of these, as well as all other arterial 
branches to the kidney, produces a preparation that maintains its 
anuric state following otherwise effective doses of urea. It had been 
earlier shown that the single or double perfusion techniques described 
above do not effect a clean separation of the fluid introduced into the 
arterial and renal portal blood supplies of the kidney (69). This is in 
keeping with the known pressure relationships of the glomerular cir- 
culation and the renal portal system (37). The fundamental premise 
underlying all attempts at the establishment of tubular excretion by 
these techniques, that substances introduced into the renal portal sys- 
tem are not available for glomerular elimination, is therefore untenable. 

In certain species of amphibia and reptiles methods have been de- 
veloped by Richards and his co-workers which permit the study of 
renal function by direct observations on the resultant of activity of 
various parts of the nephron. The early work (67) was concerned with 
the nature of glomerular elimination, the glomerular fluid being col- 
lected quantitatively by capsular puncture. By the adaptation of 
chemical methods to the determination of the concentration of solutes 
in minute volumes of solution, it was possible to determine the con- 
centration of certain constituents of glomerular filtrate and hence the 
rate of excretion of a substance by a single glomerulus. The demon- 
strated equality of all diffusible constituents in plasma water and glomer- 
ular filtrate, except for the small Donnan effect, is directly opposed to 
the historically important experiments of Heidenhain (1874) mentioned 
previously. It removes the necessity of accepting that the elimination 
of indigo carmine in the frog is by a purely tubular process (70). How- 
ever the demonstration of this equal distribution in the case of urea did 
not warrant the conclusion that tubular excretion is not necessary to 
account for its renal elimination in the frog (104) as had been previously 
suggested (54). The further elaboration of these procedures permitted, 
by means of tubular puncture, a study of the concentration relationships 
in the remaining portions of the nephron (71). It was shown in this 
and other types of experiments that urea is concentrated more than 
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any other normal urinary constituent and more than glucose in the 
phlorizinized frog; this concentration is effected by both the proximal 
and distal segments; and the degree of final concentration is inversely 
related to the plasma concentration of urea. From these facts it was 
concluded that, in the frog, urea is excreted in part by a tubular process 
(105). The initial approach to the problem is essentially an adaptation 
to the single nephron of comparative concentration ratios, a method 
first utilized to advantage on the entire kidney by Mayrs (1924) in the 
study of uric acid excretion in the bird; all arguments save the localiza- 
tion of function had been previously suggested in the case of urea ex- 
cretion in the frog (51, 54).2. In other experiments the product of ex- 
cretion by a single glomerulus and the number of glomeruli in the renal 
tissue was taken as the amount of a substance that might be expected 
to be excreted without the intervention of tubular activity. Such cal- 
culations when compared with the measured rate of plasma flow and 
the total renal excretion led to the conclusion that tubular excretion is 
not necessary to explain the overall renal elimination of uric acid in the 
reptile, Eutaenia sirtalis (11). This interpretation was in opposition 
to the claims of Marshall (52) who, working with Iguana, concluded 
that the vast majority of uric acid is eliminated by a process of tubular 
excretion. His claims were based on the belief that the administration 
of phlorizin completely blocks the tubular reabsorption of glucose, and 
since it is not secreted, its plasma clearance is equal to the rate of glo- 
merular filtration. It has since been recognized that these premises are 
essentially correct but that the drug in addition to blocking the reab- 
sorption of glucose interferes with other tubular processes and lowers 
the rate of glomerular filtration. Because of these reasons Marshall’s 
estimation of the fraction of total uric acid excretion attributable to a 
tubular process is probably not accurate, but these facts do not in- 
validate the primary conclusions of the contribution. The variability 
in the size and functional activity of glomeruli must then be too great 
for the resultant of the activity of one to be used as even an approxima- 


? In Marshall’s experiments the xylose clearance was used as a measure of the 
rate of glomerular filtration. It is now known that a small percentage of the 
filtered xylose is reabsorbed by an active tubular process (88). In the frog this 
amounts to about 20 per cent (27). In comparison to the quantitative difference 
between the simultaneous clearances of urea and xylose in the frog this fraction 


can be neglected in relation to the establishment of the tubular excretion of urea 
in this animal. 
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tion of the mean filtration rate of the others contained in the kidney. 
The importance of the observations on the function of single nephrons 
in the frog and Necturus cannot be overemphasized in their delineation 
of the process that characterizes glomerular function, or among other 
things, in the localization of certain tubular functions to specific seg- 
ments of the nephron. It would seem, however, that relative to proc- 
esses of tubular excretion, they have added little evidence of a positive 
nature that had not been previously adduced by more simple methods. 
Credit for establishing tubular excretion as a necessary factor in the 
renal elimination of certain substances must be accorded Marshall and 
his co-workers. This advance was characterized by the application of 
more quantitative methods relating renal excretion and the plasma con- 
centration of the substance under investigation. Working with phenol 
red Marshall and Vickers (1923) confirmed the observation of De Haan 
(1922) that this substance does not exist in plasma entirely in a filtrable 
form. They further showed that when reasonable assumptions are 
made for renal blood flow in the dog, the amount of phenol red ex- 
creted is greater than the amount that reaches the kidney in a filterable 
form. On the basis of the data then available they considered 5 ce. 
per gram of kidney per minute a liberal figure for the renal blood flow 
and a wealth of observations on this function has since justified this 
belief. A similar conclusion could have been arrived at from the data 
of De Haan on the rabbit, but this author chose to interpret his data to 
mean that the formation of glomerular fitrate is accompanied by the 
filtration of large quantities of plasma protein to which phenol red 
and other dyesarebound. The filtered protein, in this viewpoint, under- 
goes subsequent reabsorption with the liberation of the dye for excretion. 
This hypothesis was untenable at the outset in view of the simultaneous 
demonstration by Wearn (1922) that the product of glomerular activity 
is protein free. The third observation of Marshall and Vickers, though 
less important in the establishment of their hypothesis, is in keeping 
with it. They demonstrated that when phenol red is injected intrave- 
nously into dogs, anuric because of low blood pressure, a large fraction 
of the injected dye is shortly localized to the cortex of the kidney. 
The following year Marshall and Crane (1924) added substantial 
evidence in favor of the tubular excretion of phenol red in the dog and 


3 Jt should be noted that De Haan found low values for the free moiety of 
phenol red in rabbits’ plasma (1.25 per cent. as compared to 2.5 to 5.0 found by 
Marshall and Vickers and 4.8 to 6.7 found by Grollman, 1925). De Haan’s error is 
sufficiently large to somewhat lessen the forcefulness of his argument. 
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extended the concept to include the excretion of this substance and urea 
in the frog. The data in the latter two cases were not as convincing 
quantitatively as was the excretion of phenol red in the dog but seemed 
acceptable in the light of those data. It was shown that as the plasma 
concentration of these substances is raised their renal excretion increases 
but not in direct proportion. This is contrary to expectation for sub- 
stances that are excreted exclusively by a glomerular process. They 
offered this curvilinear relationship between plasma concentration and 
renal excretion as a dependable criterion for the presence of tubular 
excretion as a mechanism in part responsible for the renal elimination 
of a substance. They suggested that this relationship followed from 
the saturation, in the case of phenol red, of cellular colloid which thus 
limited the availability of material for the active tubular process. The 
second criterion, the localization of a substance in higher concentration 
in renal tissue than in plasma or urine, suffers the criticisms mentioned 
in the beginning of the present section. The curvilinear relationship 
was the first demonstration of a systematic limitation in this type of 
renal tubular activity. While the explanation offered by the authors is 
probably not correct, this criterion has been a valuable aid in the sub- 
sequent examination of these mechanisms. In theory this relationship 
may not be a necessary finding in systems of tubular excretion (see be- 
low); actually, however, it has been described in the case of every sub- 
stance that has been shown to be excreted in part by a tubular process. 

Subsequent work showed that the renal excretion of phenol red at 
low plasma concentrations is an average of seven times that which can 
be accounted for on the basis of glomerular filtration of free dye (50, 79). 
Furthermore, it was found that in dogs anesthetized with paraldehyde, 
the renal extraction ratio is greater than the fraction free dye/total 
dye of plasma; the former averages about twice the latter at low plasma 
concentrations (50). This observation acquired added significance 
from the demonstration that the dye removed from the plasma, or its 
equivalent, is concomitantly excreted by the kidney (94). The demon- 
stration that the bound moiety of phenol red is available for tubular 
excretion but not for glomerular elimination is in keeping with the 
physical properties of such a union since in the latter case there is no 
disturbance of the free concentration with which the bound dye is in 
equilibrium (34). 

Before the completion of the above investigation on phenol red ex- 
cretion, the study of the comparative physiology of the kidney had 
firmly established tubular excretion as a major factor in the formation 
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of urine (q.v. 53). When the renal function of certain aglomerular 
marine teleosts was compared to that of their glomerular counterparts, 
there was evidenced a surprising capacity on the part of the proximal 
tubule for the excretion of substances by an active tubular process (23, 
49, 55). There is little difference in the rate of urine flow in the two 
types of kidneys and the aglomerular kidney is capable of excreting and 
concentrating a wide variety of normal and foreign plasma constituents. 
There are, however, striking differences in the reaction of the aglomer- 
ular and glomerular kidney to certain specific substances. The aglomer- 
ular kidney is completely unable, or essentially so, to excrete glucose 
during hyperglycemia or after phlorizin, ferrocyanide (55), cyanol (41), 
xylose (43), sucrose (96), inulin (73, 77); and protein either normally or 
after the administration of HgCl, (6). It was further shown that the 
efficiency of excretion of injected substances (phenol red (8, 56); creati- 
nine (56)) is diminished as the amount of the injection is increased. 
This is not due to a systematic variation in absorption but to the charac- 
teristic relationship between plasma concentration and tubular excretion 
(86, 87). These facts cannot be explained on the basis of diffusion as 
suggested by Richards and Barnwell to explain the entrance of phenol 
red into the tubule lumen of the more complex nephron of the frog. 
Such nonspecific diffusion of water and solutes is ruled out by the spec- 
ificity of the processes, the relationship between plasma concentration 
and rate of elimination, and the finding of a single cell type in the ana- 
tomical makeup of the tubules (21, 31). It was also shown that the 
secretion pressure the tubules are capable of developing is greater than 
that existing simultaneously in the aorta (7). This definitely rules out 
filtration across the tubular membrane as a factor in the formation of 
urine in these kidneys. It is not known whether the excretion of water 
by the aglomerular nephron is a primary and independent process; the 
fact that high plasma concentrations of certain substances which are 
actively excreted (magnesium, sulphate, etc.) increase the rate of water 
excretion (9, 10) suggests that this is not true. This interesting pos- 
sibility must await further investigation. It was also evident from 
many investigations that tubular excretion is important in the formation 
of urine in many types of glomerular kidneys. This is particularly 
apparent in those classes of vertebrates that are compelled, because of 
environment, to conserve water and yet have a limited capacity for its 
renal tubular reabsorption, i.e., marine fishes, reptiles, and birds (53). 

Further evidence that the cells of the proximal tubule are at least 
potentially capable of actively depositing material in their tubule lumen 
was adduced by Chambers and Cameron (1932), and Chambers and 
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Kempton (1933). These investigations showed that fragments of the 
proximal tubules of the chick embryo mesonephros can be maintained 
in a viable state in tissue culture for long periods of time. Under proper 
conditions the ends of such a fragment close and the lumen becomes dis- 
tended with fluid as the result of the activity of the cells comprising its 
wall. When phenol red, or one of a number of sulphonated dyes, is 
placed in the media it is accumulated in the cyst fluid in concentrations 
many times that of the surrounding media; in fact, the media immedi- 
ately adjacent to the cyst may become completely cleared of the dye. 
To this evidence of an active process was added the fact that factors 
which inhibited cellular metabolism are capable of reversibly inhibiting 
the transfer of phenol red. The agents which have been shown to pro- 
duce this inhibition are low temperature (15), cyanide, hydrogen sul- 
phide, oxygen lack (16), and sodium iodoacetate (5). The effect of the 
latter agent is counteracted to a large extent by the addition of sodium 
lactate, pyruvate and succinate. The essentials of these observations 
have been extended to the chick metanephros and the metanephros of 
several mammals including man (12). 

A general criticism of the methods discussed so far is that they are 
only qualitative or semiquantitative appraisals of the resultant of tu- 
bular excretion and give no definite knowledge of these activities in the 
normal animal; nor do they give any clear indication of, or method of 
attack on the mechanism of transfer or its normal cellular limitations. 
To obtain information useful for these purposes it is necessary to have 
available a method that will give precise information on the resultant of 
tubular activity in the normal glomerular animal. Such a method of 
attack is available at the present time. It lies in the ability to measure 
the amount of any substance that is filtered by the glomeruli per unit 
time by the simultaneous determination of the diffusible concentration 
of that substance in the plasma and, by means of the inulin plasma 
clearance, the rate of glomerular filtration. The product of these two 
is equal to the amount of the substance filtered per unit time. If reab- 
sorption can be excluded, the difference between this quantity and that 
concurrently excreted can be attributed to the process of tubular excre- 
tion.4 That the inulin clearance can be safely used as an accurate 


‘The general statement needs qualification in certain specific cases. 
Chambers and Kempton (1937) have shown that the excretion of neutral red, 
which cannot be entirely accounted for on the basis of glomerular filtration, is 
in part by the tubules. One factor operating in this case is not a specific tubular 
process but a difference in hydrogen ion concentration which is an effective 
determinant of the direction of the dye’s diffusion. 


t 
q 
: 
} 
, 
1 
{ 
if 
af 
al 
q 
% 


74 JAMES A. SHANNON 


measure of glomerular filtration rate is indicated by evidence that has 
been obtained in a wide variety of vertebrate kidneys (44, 64, 72, 74, 77, 
78, 81, 83, 84, 93, 98, q.v. 99). 

Utilizing this technique the renal excretion of a wide variety of sub- 
stances, many of which are excreted in part by a tubular process, has 
been studied in the normal animal. It has been possible in some cases 
to obtain precise information which permits a tentative analysis of 
certain aspects of the cellular mechanisms involved. It is interesting 
to note that certain characteristics of tubular excretion discussed below 
have been found to be present in the case of some processes of tubular 
reabsorption. This section of the discussion will be made sufficiently 
general to include these aspects of the resorptive processes. 

ON THE MECHANISM OF TUBULAR EXCRETION. In seeking the physio- 
logical basis for these processes one is led to the following considerations, 
which are presumed to apply to both the glomerular and aglomerular 
kidney: 

1. The cellular processes responsible for the transfer of a solute from 
the blood to urine, or vice versa, are orderly ones which proceed in 
accordance with the principles of thermodynamics and the kinetics of 
chemical reactions, the direction of the transfer being determined by the 
organization of the tubule cells. For convenience the sequence of 
events which results in such transfer will be designated the mechanism 
of tubular excretion or reabsorption, or, more briefly, the mechanism of 
transfer. By definition this term excludes all extra-cellular processes, 
such as diffusion or chemical reaction in the peritubular interstitial fluid 
and urine. 


5’ The importance of this advance is evidenced by the many attempts at its 
experimental solution prior to the establishment of the inulin clearance as a valid 
measure of filtration rate. Many other substances had been suggested which 
were later shown to be reabsorbed or secreted in one or more vertebrate kidneys. 
The first systematic study of importance was that of Mayrs (1924) in relation 
to the renal excretion of uric acid by the chicken. He reasoned that, since the 
rates of excretion of creatinine, sulphate and phosphate, relative to their plasma 
concentrations, were in the same order of magnitude, they were excreted by a 
predominantly glomerular process. Uric acid excretion, when observed simul- 
taneously with these, was sufficiently high to suggest in addition a process of 
tubular excretion; this was in keeping with the high absolute concentration ratio. 
It is now known that Mayrs’ reasoning was essentially correct (29, 52, 84, 85). 
Many of the other substances suggested, while they do not satisfy the require- 
ments for the precise measurement of filtration rate, are closely proportional to 
it, and in some cases can be corrected to this value by an experimentally de- 
termined factor. 
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2. Where the mechanism of transfer increases the free energy of the 
system, this energy is presumed to be made available entirely by local 
cellular metabolism. To what extent the energy expenditure is pro- 
portional to the quantity of solute transferred, whether this energy may 
be diverted into some other operation in the absence of the solute, 
whether it is derived from processes that proceed wholly independent 
of the mechanism of transfer, or whether it is liberated in consequence 
of the presence of the solute, cannot be ascertained. 

3. In some of the reactions involved in the mechanism of transfer, the 
transferred solute as such, or in combination, will be one of the reac- 
tants. Other reactions may not be so characterized (e.g., the energizing 
reactions). Each of the reactions in the former group may be said to 
be made up of two reactants or elements, the substance being trans- 
ferred and the cellular element. All such cellular elements may be 
designated as the cellular component of the system and the substance 
transferred as the exogenous component. 

4. It may safely be inferred that the cellular component is a more or 
less stable feature of the organization of the cell and does not arise 
de novo on the presentation to the cell of the exogenous component of the 
system. 

5. Except where there is evidence to the contrary, it is assumed that a 
cellular component of any system is to some degree specific with respect 
to the solute transferred; and that the mechanism of transfer is iden- 
tical in all species in which the process of transfer is demonstrable. 

6. A cellular component may be common to the transfer of more than 
one substance. The extent to which more than one substance shares a 
cellular component is, theoretically at least, variable. The cellular 
component in its entirety, or only certain of its elements, may be com- 
mon to the reactions of transfer of the two substances. 

7. The mechanism of transfer is limited in respect to the quantity 
of any one solute which it can handle per unit time, and when two solutes 
are transferred simultaneously by a common mechanism, one will 
displace the other to a greater or lesser degree dependent upon their 
respective affinities for the common elements in each of the cellular com- 
ponents. 

8. A primary determinant in the rate of transfer of a substance, 
whether it occupies the cellular component alone or is, with another sub- 
stance, in simultaneous competition for it, is the concentration of that 
solute in the peritubular interstitial fluid in the case of an excreted sub- 
stance, and in tubular urine in the case of a reabsorbed substance. In 
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both cases the concentration in the fluid of deposition must also be 
considered a potential determinant limiting the rate of transfer, which 
may or may not be practically significant under physiological conditions. 

9. The non-specific characteristics of a substance such as lipoid vs. 
water solubility and molecular volume are of no demonstrable im- 
portance in determining the rate of cellular transport unless the sub- 
stance is in a colloid state or some molecular aggregate which makes it 
unavailable for transfer by the cellular mechanism. 

Without discussing the evidence in detail, we may briefly summarize 
the basis for the above: 

1, 2,3. These need no specific experimental substantiation since 
they are derived from accepted general principles or are in the nature 
of specific definitions of the processes under consideration. Certain 
conclusions, however, may be drawn in relation to the energizing reac- 
tions. It is conceivable that under certain experimental conditions 
these reactions may impose limitations on the active transfer of a sub- 
stance. On the other hand, in normal circumstances, there is adequate 
evidence to rule out these reactions as limiting the processes discussed 
herein. This evidence consists in the uniform presence of transfer 
maxima and the demonstrated lack of influence, in certain of these sys- 
tems, of the diffusion gradient or concentration ratio upon the rate of 
transfer. (Phenol red excretion in the aglomerular fishes (87), glucose 
reabsorption in the dog (91).) 

4. The concept of stability in these systems is derived from the 
quantitative reproducibility of the resultant of their activities over long 
periods of time, the specific details of which are contained in the articles 
referred to below. Such quantitative stability seems most easily 
explicable on the basis of continuity of existence of the cellular com- 
penent in the absence, as well as in the presence, of the exogenous 
component. 

5. The specificity of the mechanism by which various solutes are 
transferred across the tubules is indicated by numerous facts. Glucose 
is specifically reabsorbed by the tubules of all glomerular kidneys, as is 
xylose, and sucrose but to a much smaller extent and inulin not at all 
(q.v. 93); in this instance the nature of the carbohydrate obviously 
determines whether reabsorption will or will not take place and if so 
to what extent. Phenol red is excreted by the aglomerular tubules and 
by the tubules of all glomerular kidneys where appropriate examination 
has been made; only two other exogenous substances, diodrast and 
hippuran (25, 47, 101) and one endogenous substance, uric acid in the 
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chicken (52, 85) and reptile, (52) are known, which are excreted as 
copiously. This highly developed capacity to excrete a particular 
substance indicates some special feature in the functional organization 
of the tubule cells. Creatine is excreted by both the glomerular and 
aglomerular tubules of the fishes (55, 63) but not by mammals (62); 
creatinine is excreted by the aglomerular and glomerular tubules in the 
fishes (56, 76, 77, 86) and by the glomerular tubules of the chicken (84) 
and some mammals, man (80) and apes (100), and not in others (dog 
(74, 78, 103), sheep (83), rabbit (44), seal (98)); urea is excreted by the 
tubules of some fishes (56) and of the frog (51, 54, 104), but not in Nec- 
turus (104), the chicken (65), or mammals (18, 44, 82, 83, 93), and it is 
actively reabsorbed in the elasmobranch fishes (97); uric acid is excreted 
by the tubules in the birds (52, 85) and reptiles (52), but it is reabsorbed 
in the mammals (q.v. 99). This great diversity in the manner in which 
various solutes are handled by the renal tubules in various vertebrates 
precludes the possibility that the essential processes of tubular excretion 
and reabsorption are of such a nature as to transfer large numbers of 
unrelated solutes non-specifically and requires instead that a more or 
less specific process be postulated for the transfer of each one. 

In arriving at our postulate that the mechanism of transfer for a 
particular solute is identical in different species, we proceed first from 
the broad generalization that the renal tubules are strictly homologous 
in all vertebrates; although, recognizing the distinct ontogenic difference 
between the mesonephros and metanephros, there is no good reason for 
supposing that function in these two organs is not homologous. It may 
be that the glomerular tubule of the sculpin excretes inorganic sulphate 
although the evidence is not strong and other interpretations of the data 
are possible (32, 57). With this possible exception, in every case where 
a test has been made, the aglomerular tubule has shown its capacity to 
excrete a substance which has been shown to be excreted by a tubular 
mechanism in the glomerular tubules of the vertebrates. It may be 
argued from this, that where a mechanism for the tubular excretion of a 
substance exists in the vertebrate kidney it is there as the result of the 
persistence of the primitive characteristics of the protovertebrate aglom- 
erular tubule (58). In this view the presence or absence of various 


° We do not suggest that the aglomerular kidney is a primitive organ closely 
related to that of its protovertebrate ancestors. The aglomerular state is ev- 
idence, in these forms, of a high degree of specialization which has entailed 


the secondary loss of previously acquired glomeruli (for discussion see Marshall 
and Smith, 1930). 
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mechanisms of transfer in these vertebrates must be sought under the 
broad principles of genetics. Though it is conceivable that specific 
mechanisms having the same net result might have arisen more than 
once in vertebrate evolution and might, therefore, have a different 
fundamental nature, it would seem superfluous at the present time to 
abandon the principles of uniformity and persistence until we were 
forced to on the basis of experimental evidence. 

6. Although this may be accepted in principle, the experimental facts 
relating to this are discussed under the following two items. 

7. That these mechanisms of transfer possess internal limitations is 
well established. In every example of tubular excretion examined to 
date, it has been demonstrated that the rate of tubular excretion is not 
related in a linear fashion to the concentration of the solute in the 
plasma. The first system examined for these limitations in a quantita- 
tive manner is that responsible for the tubular excretion of phenol red 
in the dog (79), a system quite characteristic of this type of renal ac- 
tivity. It was demonstrated that, as the plasma concentration of free 
dye is increased from 0.02 to 0.4 mgm. per cent the rate of tubular 
excretion increases in what is roughly a linear manner; as the plasma 
concentration is further elevated the rate of tubular excretion increases 
but not linearly, and approximates a maximal rate at plasma concen- 
trations of from 5.0 to 10.0 mgm. per cent free dye. It appears in all 
instances that the rate of transfer ultimately reaches some constant 
maximal value, i.e., the mechanism of transfer behaves as though it 
were saturated with respect to the solute. This maximal rate of trans- 
fer from blood to urine has been demonstrated in the tubular excretion 
of phenol red in the toadfish and goosefish (87), chicken (64), and man 
(30, 101) as well as in the dog; of creatinine in the dogfish (76, 77, 90), 
toadfish (86) and chicken (84); of diodrast and hippuran in man (101). 
It has also been demonstrated in the tubular reabsorption of glucose 
in the dog (91) and vitamin C in man (66). 

8. This condition is one of the more important ones listed above; 
particularly since a decision as to its correctness must be arrived at 
before a consideration of the fundamental nature of the cellular limita- 
tions of these systems is possible. Its probable correctness may be 
deduced from 1 and 4. If the cellular component is a stable property 
of the cellular organization and the reactions of transfer proceed in 
accordance with the principles of the kinetics of chemical reactions, 
it must follow that the concentration of the exogenous component of the 
system at the proximal side of the sequence of reactions is a determinant 
in the initiation and progress of these reactions. The quantitative 
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reproducibility of the resultant of the activity of the mechanism of 
transfer in the case of one or two exogenous components in relation to 
the concentrations at the proximal side of the sequence furnishes ade- 
quate substantiation of this deduction. That a particular mechanism 
may be responsible for the transfer of several solutes and consequently, 
that solutes may compete for this mechanism has been demonstrated 
for the system responsible for the transfer of phenol red, diodrast, hip- 
puran, iopax, neo-iopax, and skiodan in man (101, 102), and that respon- 
sible for the tubular reabsorption of glucose and xylose in the dog (88, 
91). This interference is of a systematic quantitative nature which may 
be related to the concentrations under discussion. Though the point 
and nature of the interference may be different in each case they es- 
tablish the principle that certain substances may occupy the cellular 
component to the exclusion of other substances, the extent of this in- 
terference depending upon the specific nature of the exogenous com- 
ponent and its concentration at the site of the initiating reactions. If 
cellular storage takes place preliminary to, or in the process of its tubular 
transfer, the localized solute must be considered to be in dynamic equi- 
librium with the concurrent plasma concentration.’ This is evidenced 
by the quantitative reversibility of many systems of transfer in relation 
to the elevation and lowering of the plasma concentration. In certain 
systems, at least, such storage cannot be shown to exist. The amount 
of localization of phenol red in the dog’s functioning kidney (94) is 
scarcely more than can be accounted for on the basis of the contained 
urine. This is in keeping with the inability to demonstrate cellular 
localization during the transfer of phenol red by the cells of the chick 
embryo mesonephros (15). 

There is little evidence available on the effect of the concentration 
in the fluid of deposition on the transfer of a solute. The phenol red 


7 In arriving at this conclusion we have been forced to disregard the experi- 
ments of Elsom, Bott and Walker (1937). They determined simultaneously on 
anesthetized rabbits the plasma clearances of hippuran or phenol red and the 
renal blood flow (4,75). It was found that, contrary to Sheehan (1936), the excre- 
tion rate of phenol red was on the average two and in one case four times the rate 
of delivery of this substance to the kidney. In experiments with consecutive 
periods this was true even though the plasma phenol red was rising. They con- 
cluded from their experiments that the phenol red excreted in an experimental 
period must have been in part stored in the renal tubules prior to its beginning. 
In view of the evidence opposing such a concept of storage, and in the absence of 
a correlation in the data between plasma concentrations and phenol red clear- 
ances, we feel that these experiments were complicated by an unrecognized 
experimental difficulty. 
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system in the toadfish (87) has been shown, by direct evidence, to be 
independent of this factor® and this is supported by the presence of a 
maximal rate of transfer in the glomerular nephrons of other systems. 
Whether the increase in the tubular excretion of creatinine with in- 
crease in urine flow, observed in the toadfish (56, 86), is due to a com- 
plication introduced by the movement of water in the same direction 
as that of the transfer or is due to a lowering of the concentration in the 
fluid of deposition, cannot be determined with the evidence available. 

9. It is obvious that unless a solute can penetrate the cell membrane 
for action upon by a cellular mechanism, active transport of such a 
solute is not possible unless the active process is initiated at the cell- 
interstitial fluid interface. The evidence on the renal tubule (cf. 42) 
is not extensive but would seem to be in keeping with studies on other 
systems of active transfer. One may show some relationship between 
lipoid solubility or molecular volume and the permeability of the tubular 
membrane for a substance in certain series of solutes. Invariably, 
however, when there is included in such a series a substance handled by 
one of these specific cellular processes, the rate of transfer is of an en- 
tirely different order of magnitude. 

With such complexity, it is beyond the range of possibility to erect an 
hypothesis at the present time which would pretend to be a complete 
description of any mechanism of transfer, and particularly to include 
that portion of it wherein energy is made available and specifically 
applied. Nevertheless there are certain striking features that suggest 
the nature of certain of the limitations contained in these systems. 
These features are the reproducibly quantitative relationship between 
the concentration in the initial fluid and the rate of transfer, the latter 
of which is in all cases characterized by a maximal rate. If we view 
the reactions of transfer as a sequence of reactions of unknown number, 
proceeding in accordance with principles of chemical kinetics, it is 
possible to erect an hypothesis that will contain the major limitations 
which these systems manifest. 


8 It is interesting to note that in the toadfish the cell membrane acts as a barrier 
to the free diffusion of the dye in the same direction as it is normally transferred 
actively (87). This was demonstrated by finding that when the plasma con- 
centration of free dye is higher than the concentration within the tubule lu- 
men there is no increase in the rate of excretion of the dye as compared with a 
previous period when the concentration relationships were reversed. It would 
seem from this observation that the tubule cells of the toadfish are actually im- 
permeable to phenol red except through the active mechanism of transport. 
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In the case of an excreted substance one may assume, first, that in the 
sequence of reactions that result in its transfer, the solute enters into 
reversible combination with some cellular element which is present in a 


constant but limited amount, and second, that the decomposition of - 


this complex limits the further progress of the solute toward the tubule 
lumen. Thus there are required two consecutive reactions, as follows, 


(1) 


where A is the solute at the proximal side of the reaction (in the inter- 
stitial fluid around the tubule cells), B is the cellular element, AB the 
complex formed reversibly by these two, and 7’, the solite on the distal 
side of the limiting reaction. In order to arrive at a maximal rate of 
excretion under these circumstances, the second reaction must be a first 
order process, its rate slow in relation to the rate of attainment of 
equilibrium in the first. It is theoretically possible that in the case of 
certain solutes actively transferred, the rate of the second reaction AB 
— T, + B is faster than the attainment of equilibrium in the first. 
Under these conditions the rate of transfer of a substance would be 
linearly related to its plasma concentration (see xylose reabsorption, 
88). These equations completely neglect the fact that the transfer 
process involves the expenditure of energy; they do imply that it is not a 


limitation in the energizing reactions which limits the rate of transfer 


in the normal animal. It is implicit in the first reaction, A + B= AB, 
that this step in the tubular transfer is effected at the expense of the 
free energy of the three reactants. However, the designation of the 
second reaction as a first order process does not preclude the possibility 
that this may be complex and involve an increase in free energy. 

In pursuing the quantitative implications of this hypothesis it is 
apparent that if total B (i.e., as B and AB), is constant and limited in 
amount, it matters little whether it be assumed that we are dealing with 
stoichiometric processes involving concentrations in a monophasic sys- 
tem, or with certain absorptive processes in a polyphasic system (40). 
For simplicity in treatment, however, we have assumed the former of 
these possibilities so that both of these reactions may be described in 


accordance with the law of mass action. The working equation so 
derived? 


(8) K =~ 7/v) ™) 
® We may therefore write, for the first reaction; 
x ANB) 


(AB) 
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relates in a quantitative fashion the arterial plasma concentration, a, the 
rate of tubular excretion 7',, and the maximal rate, 7',,. Of the terms 
in the equation, a and 7’, can be measured directly; V can be closely 
estimated in appropriate instances; K and T, must be calculated 
from the data. However it should be noted that 7’, the maximal 
rate of tubular excretion, can in some cases at least be experimen- 
tally approximated. It is apparent that the validity of the test of this 
relationship depends upon the range of 7,,,/T’, and of (a — T,/V) in the 
comparison with experimental data. For convenience the units of 


where (A), (B) and (AB) are equilibrium concentrations at the site of the reaction 
and K is the equilibrium constant. Designating total B as b, since the sum of the 
concentrations (B) + (AB) is constant: 


(A) (b — (AB)) 
In relation to the second reaction, AB — 7's + B, consider the general case, 
(4) k(AB) = T, or (AB) = T,,/k 


where 7's is the amount of substance secreted per unit time at various values of 

(AB); and the specia] case where transfer is at its maxima! rate, i.e., 

(5) k(b) = T,, or (b) = T,,/k 

where 7’, is the maxima] rate of transfer as would be the case when total B = AB. 
Dividing (5) by (4); 


6) (b)/(AB) = Tn/T, 
Substituting in (3) 

(7) K = (A)( 


The concentration of A in the venous blood leaving the secretory system is equal 
to the arterial plasma concentration, a, minus the amount secreted per unit time, 
T ., divided by the plasma flow per unit time, V,i.e., (a — 7./V). When the diffu- 
sion gradient from plasma to the site of the initia] reaction is not large in relation 
to (A), this term may be taken as its equivalent, and when V is very large in 
relation to 7, this term reduces to (a). Under any circumstance where the 
removal of A from tubular plasma is great it is apparent that this approximation 
may introduce a distortion since various parts of the secretory system will be 
presented with the solute in different concentrations, also the magnitude of the 
diffusion gradient which cannot be experimentally evaluated, becomes signifi- 
eantly large in relation to the term (a — 7'r/V). Errors from this approximation 
will be, under these conditions, most marked at low plasma concentrations. 
With this substitution equation (7) becomes 


(8) K = (a — T,/V) (7= 


T, 


RENAL TUBULAR EXCRETION 83 


measure are taken as milligrams, minutes, and the standard of volume 
reference 100 cc. 

It is possible in some systems to obtain experimental data of sufficient 
completeness and precision to warrant comparison with the predictions 
of equation 8. These show that the relationship between the plasma 
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Fig. la. The tubular reabsorption of glucose in the normal dog. The dots are 
observations obtained in a single experiment. The broken line and its solid 
extension indicate the quantity of glucose delivered to the reabsorptive system 
by glomerular filtration. The solid line is calculated from equation 8 taking 
K = 0.2 and 7m = 240 (c.f. 91) at plasma concentrations above 300 mgm. per cent. 
Tr is within 99 per cent of 7'm. 

Fig. 1b. The tubular excretion of phenol red in the normal dog. The dots are 
observations obtained in a single experiment. The line has been calculated from 
equation 8, taking K = 0.92, Tm = 8.95, and V = 12 (the plasma water going to 
the tubules is four times the amount of glomerular filtrate (103)) and at the lower 
concentrations of phenol red the free fraction is 0.3. The latter factor increases 
the apparent volume of distribution of the dye in plasma water about three-fold. 
Our previous observation of an absolute maximal rate of tubular excretion reached 
in the neighborhood of 6 mgm. per cent free dye (79) is changed by correcting the 
plasma inulin clearance to plasma water inulin clearance (see 64). With this 
correction the rate of tubular excretion is still rising slowly at this concentration. 


At 15 mgm. per cent free dye the fraction =~ is equal to 0.95. 


concentration and the rate of tubular excretion and the maximal rate 
is satisfactorily described by this equation in the systems responsible 
for the tubular excretion of creatinine in the dogfish (cf. 90) and chicken 
(84), and of phenol red in the dog (79, see fig. 1b). When applied to 
tubular reabsorption a similar close correlation has been found for 


Io 
ihe 
‘ye 
* 
| 


84 JAMES A. SHANNON 


glucose in the dog (91, see fig. la) and vitamin C in man (66).” 
Here it is assumed that the physiological orientation of the system is 
reversed, so that (A) is the equilibrium concentration in tubular urine. 
In the other systems mentioned above, the comparison must be of a 
more qualitative nature due to deficiencies in the existing data or be- 
cause of experimental limitations in the biological material.! Such 
comparisons as are possible in these systems justify the tentative ac- 


ceptance of our hypothesis, at least as a working basis for their further 
examination.” 

The case of two solutes in simultaneous competition for a common 
cellular component has been examined in two instances. The first by 
Smith, Goldring and Chasis (1938) for the systems responsible for the 
transfer of phenol red, diodrast and hippuran in man, and the second 
by us for the systems responsible for the reabsorption of glucose and 
xylose in the dog (88,91). In the former instance, the tubular excretion 
of phenol red at constant and low plasma concentration is reversibly 


10 In the case of reabsorptive systems the term (a — 7'r/V) relates arterial 
plasma concentration, rate of reabsorption and volume of glomerular filtrate. 
It is equal to the concentration at the distal end of the reabsorptive system 
(presumably proximal tubule) if there has been no water reabsorption. It seems 
likely that there is a significant amount of water reabsorbed in this segment (71, 89) 
but unless the test substance itself affects the process of water reabsorption, the 
increased concentration will be some multiple of (a — Tr/V) which automatically 
becomes incorporated in the constant K (q.v. 88, 91). 

1 They arise from: 1. The necessity of examining mean relationships derived 
from the massing of data from many individuals; it being impossible to collect 
all the necessary data in single well controlled experiments. 2. The inability 
to use (a — 7'./V) as aclose approximation of (A) either because tubular excretion 
effects what seems to be nearly complete removal of the solute or because of 
insufficient knowled ze of the renal blood flow. 3. The inability to examine the 
entire relationship because of high endogenous values for the plasma concentra- 
tion or excretion of the solute or because high concentrations of the solute are 
physiologically active and produce an additional variable. 4. A quantitative 
relationship between the amount of a solute excreted by glomerular filtration and 
that excreted by tubular activity which makes it difficult to examine the latter 
with precision; this is particularly apparent at high plasma concentrations of the 
solute. 5. The presence of other adventitious circumstances. The non-reversi- 
bility of the system responsible for the tubular excretion of creatinine in man (80) 
is one of these. At present this seems to be due, not to a change in the function of 
the tubules during the course of an experiment, but to some change in the creat- 
inine itself, effected extrarenally (92). 

12 The hypothesis we suggest does not contain an explanation of the influence 
of urine flow on the tubular excretion of creatinine in the toadfish (86). For 
the present, however, we accept it as the basic limitation and await further 
experimental evidence which may permit its modification. 
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depressed, with essential completeness, by raising the plasma concen- 
tration of diodrast or hippuran to a plasma concentration that results 
in its maximal rate of tubular excretion. The relationship between 
the increase in plasma iodine and the depression of phenol red ex- 
cretion has been considered sufficiently close to the predicted rela- 
tionship to warrant a tentative acceptance of a B substance common 
to both systems in accordance with equations 1 and 8. The inability 
to approximate (A) by (a-7',/V) in these experiments prevents a 
more rigid examination of the data. In the xylose-glucose system 
the results fully bear out the quantitative predictions of the hypo- 
thesis, the most striking finding being that the elevation of the 
plasma glucose, to a concentration just sufficient to saturate the glucose 
reabsorption system, completely and reversibly blocks xylose reabsorp- 
tion. This circumstance was predictable from an evaluation of the 
constants in each of the separate systems. 

It does not seem reasonable to suppose that the limitations of all 
renal systems of transfer will be reducible to those suggested here. 
The substances discussed above are either non-electrolytes or are 
handled by virtue of the specific properties of their anion or the undis- 
sociated molecule. Variations in plasma concentration in the experi- 
mental range do not result in a disturbance of the general electrolyte 
pattern of the plasma. Furthermore, it is highly probable that these 
systems are characteristics of the proximal tubule, a circumstance that 
might in part lead to their uniformity in the type of limitation. At 
present the usefulness of this hypothesis resides in its ability to treat 
certain features of tubular activity in a systematic and in some cases a 
quantitative manner; this with respect to the handling of single solutes 
by a mechanism of transfer and the predictions concerning the resultant 
of activity in systems where two substances are in simultaneous com- 
petition for a common cellular component. With these considerations 
it becomes apparent that the hypothesis has its primary value in the 
logical direction, by experiment, of the further examination of these 
systems. 

PHYSIOLOGICAL IMPORTANCE OF TUBULAR EXCRETION. It is ap- 
parent from the previous sections that the excretion of substances 
foreign to the organism has played a major réle in the development of 
the concept of tubular excretion. It must not be concluded from this 
fact that this type of renal activity is unimportant in the normal econ- 
omy of the organism in at least certain classes of vertebrates. From 
the standpoint of comparative physiology, it must be supposed that 
these mechanisms become more imnortant in those forms that are char- 
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acterized by poor glomerular development, becoming paramount in 
those that are completely aglomerular. A more extended discussion 
of this relationship is available in the recent review of Marshall (1934) 
and the relationship between glomerular development and the evolution 
of water regulation in the vertebrates and environment is fully dis- 
cussed in the writings of Marshall and Smith (1930) and Smith (1932). 

The absence of mechanisms of tubular excretion would have made 
difficult or impossible the reduction in the rate of glomerular filtration 
characteristic of the marine teleosts, reptiles, and birds. This con- 
clusion is not based upon teleological reasoning but upon the experi- 
mental data available from these forms. A most striking example of 
this is found in the excretion of uric acid, the main nitrogenous end 
product of protein metabolism, in the bird and reptile. It has been 
pointed out (85) that in the absence of tubular excretion the plasma 
concentration of uric acid would have to be elevated some ten to sixteen 
times in order to maintain nitrogen equilibrium. However, the known 
properties of uric acid, particularly the insolubility of its salts, would 
lead one to believe that some advantages may accrue from maintaining 
its plasma concentration at the lowest possible level. The alternate 
expedient would be to increase the rate of glomerular filtration to a 
like degree, but a ten- to sixteen-fold increase in filtration rate would 
entail a corresponding increase in the reabsorptive activities of the 
renal tubules and the cloaca. Such an increase in filtration rate may 
be held to be incompatible with both the poor glomerular development 
and the limited osmotic capacities of these kidneys. It may therefore 
be argued that the development of a highly efficient tubular mechanism 


_for the excretion of uric acid in the bird and reptile serves to maintain 


a low plasma concentration of uric acid in spite of, or in association 
with, relatively poor glomerular development and a limited capacity 
to elaborate an osmotically concentrated urine. 

In some of the other vertebrates tubular excretion also plays a major 
role in the renal elimination of the end products of metabolism, though 
there it is more an incidental than necessary function (as urea excretion 
in the frog). There would seem to be little advantage or necessity for 
the operations of tubular excretion in these forms (i.e., fresh water tele- 
osts, elasmobranchs, aquatic amphibia and mammals). These have 
available an abundance of water for the elimination of waste substances 
or have means, other than a limitation of glomerular filtration, to 
satisfy the demands of their environment for the conservation of 
water. However, the potentialities of mechanisms of tubular excretion 
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for the elimination of substances from the organism are sufficiently 
impressive to warrant consideration from a slightly different viewpoint. 

There is adequate evidence for us to conclude that certain mechanisms 
of tubular excretion are capable of completely removing, or essentially 
so, specific substances from all the plasma delivered to the kidney (uric 
acid and phenol red in the bird (64, 85), diodrast and hippuran in 
man (101)). The importance of such a capacity is greatly enhanced 
by the large magnitude of the renal blood flow, which in man is about 
30 per cent of the cardiac output (see below). It is obvious from these 
considerations that it would be possible in man, through the interven- 
tion of tubular excretion, to maintain at extremely low concentrations 
in the body substances which, being continuously formed, had a dele- 
terious effect upon the organism, were such substances handled at a 
rate equal to that of diodrast. We have no knowledge of evidence 
favoring or opposing the existence of such mechanisms in the normal 
animal; if they be present, some of the symptomatology characteristic 
of impairment of renal function may arise from the absence of their 
normal operation. The answer to this question must await the further 
identification of those substances which make up the unknown portion 
of the urinary constituents. 

This suggestion should not be taken to mean that the presence of an 
active tubular mechanism capable of excreting a foreign substance 
necessitates the conclusion that in the normal animal, in the absence of 
the foreign substance, the mechanism is concerned with the excretion 
of some normal plasma constituent. These potentialities of the renal 
tubule may be characteristics of the tubule cells which are not purpose- 
fulin nature. They may be considered to be the results of incidents in 
the cells’ genetic history and, not being deleterious to the organism as a 
whole, have persisted as part of the cells’ functional makeup. 

MEASUREMENT OF TUBULAR EXCRETORY MASS AND EFFECTIVE RENAL 
BLOOD FLOW. Certain studies of recent date have been concerned with 
the use of these mechanisms in physiological investigations rather than 
the evaluation of the processes themselves. These investigations have 
made two important additions to the armamentarium of the renal in- 
vestigator. They are the indirect measurement in normal man of the 
effective renal blood flow and the mass of renal tubular tissue (Smith, 
Goldring and Chasis, 1938; Chasis, Ranges, Smith and Goldring, 1938). 
We will confine ourselves here to a simple presentation of the concepts 
and some comments which relate them to the second section of this 
review. 
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If a substance is not synthesised by the kidney, its rate of renal 
excretion has an upper absolute limit which is equal to the amount 
brought to the organ by its blood supply. The excretion of material 
stored in the kidney at previous higher plasma concentrations, if this 
can be shown to be a factor, can be circumvented by making the ex- 
perimental observations at constant plasma levels of the solute. Since 
all the blood supply to the kidney is eventually distributed to the renal 
tubules, it is theoretically possible that all of a contained solute may be 
removed from the blood as it traverses this tubular tissue, or at least 
all that traverses secretory tissue. The plasma clearance of such a sub- 
stance (i.e., UV/P; milligrams excreted divided by the plasma concen- 
tration in milligrams per cubic centimeter) will then be equal to the 
volume of plasma going to secretory tissue. If the substance is not 
contained in the red blood cells then the quotient of its plasma clearance 
and the plasma fraction of whole blood will equal the blood flow to 
secretory tissue. 

‘It has been suggested that in man diodrast at low plasma concen- 
trations is handled in this manner and its whole blood clearance has 
been called equal to the effective blood flow to the kidney. Effective, 
as opposed to absolute, in that this figure will not contain that moiety 
of the renal blood supply which is distributed to non-secretory tissue. 
The main experimental facts that have been utilized to support this 
contention are: the absolute value of the diodrast clearance and the | 
faet that there must be a significantly large increase in the plasma con- 
centration before the rate of excretion loses its direct proportionality 
to the plasma concentration. The average effective renal blood flow 
in normal resting man (S.A 1.73 sq.m.) by this method, has been shown 
to be 1384 cc./min., approximately 30 per cent of the cardiac output 
(35); it is not conceivable that the actual total renal blood flow is 
significantly higher than this value. The direct proportionality be- 
tween the plasma concentration and renal excretion over a wide range of 
the former is excellent evidence that there is present a limitation exter- 
nal to the mechanism of transfer operating in the production of this 
result. 

It is possible that disease or the introduction of an experimental vari- 
able will lower the diodrast clearance at low plasma levels by lowering 
the capacity of the tubules to transfer this substance and thus in- 
validate its use.as a measurement of renal blood flow. There are two 
methods that are. available to evaluate such a possibility. The presence 
of a normal transfer maximum or one that is not greatly reduced is 
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ample evidence that a low diodrast clearance at low plasma concen- 
tration is due to a low blood flow and not to an interference with the 
mechanism of tubular excretion. The second method makes use of the 
finding that phenol red and diodrast are handled by a common tubular 
mechanism, and consists in determining their clearances simultaneously 
at low and constant plasma concentrations. The limitation in the 
excretion of diodrast under these conditions is the rate of delivery to the 
tubules, whereas the limitation in the excretion of phenol red is, in 
terms of our hypothesis, the availability of the cellular element, B, 
common to both systems of transfer. The absolute and relative excre- 
tion rates of these substances indicate that diodrast will appropriate B 
in proportion to its delivery to the tubules displacing phenol red and 
hence lowering its excretion rate proportionately. At constant plasma 
concentrations of the two substances any change in the amount of 
diodrast delivered to the excretory mechanism must be through a 
change in the rate of blood flow to the kidney. Therefore, an inverse 
relationship between the diodrast clearance and the phenol red/diodrast 
clearance ratio may be accepted as the normal relationship with changes 
in the renal blood flow. On the other hand, if a diminished capacity to 
excrete the diodrast is effected by an experimental variable, this rela- 
tionship will not hold. The proportional lowering of the phenol red 
clearance will be greater than that of diodrast. This follows from 
changing the limitation on diodrast excretion from the availability of 
the substance to the tubules to a limitation within the system of trans- 
fer. There will result, in this circumstance, a lowering of the phenol 
red excretion due to the curtailment, by the experimental variable, of 
the potentialities for its excretion, and due to a further displacement of 
phenol red from the system of transfer by the iodine compound. The 
diodrast clearance and the phenol red/diodrast clearance ratio will 
then move in the same direction. (See action of phlorizin (19).) 

The concept of tubular excretory mass follows from the demonstration 
of a maximal rate in the tubular transfer of many substances. This 
maximal rate, obtained at high plasma concentrations of the solute, is 
due to a cellular limitation and as such, is independent of blood flow 
and plasma concentration if these be above certain minimal values. 
Since it may be accepted that the ability to transfer a substance is a 
more or less fixed property of the cell, then the value of the maximal 
rate should be proportional to the number of cells capable of performing 
this function; hence the concept of excretory mass in the case of an 
excretory system. Any substance whose active tubular transfer is 
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characterized by a maximal rate may be used in this manner, and each 
substance will have its normal value. If a reabsorptive maximum is 
used it will not include aglomerular nephrons if such exist as functioning 
units. A reduction in this figure, as compared to the normal, may occur 
by the progressive loss of functioning cells or by a change in the func- 
tional capacity of the existing cells to handle the test substances. In 
either case there would be a reduction in the functional mass in propor- 
tion to the reduction of the transfer maximum. For the evaluation 
of this figure in man, Smith and his co-workers have suggested diodrast 
or hippuran because in each case a high fraction of the totally excreted 
substance is by a tubular process, a circumstance which increases the 
accuracy of the determination. The value of this concept in the study 
of the kidney must be decided upon after application to further mate- 
rial. This measurement would not be expected to yield information 
on the functional state of tubular tissue not concerned with these 
activites, i.e., parts other than the proximal segment. 
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PHYSIOLOGY OF HUMAN HAIR 


C. H. DANFORTH 
Department of Anatomy, Stanford University 


Human hair is morphologically closely comparable to that of other 
mammals, but despite rather extraordinary regional specializations the 
range of hair forms is limited. For example, erectile tactile hairs, 
under voluntary control and of much physiological interest (Szymono- 
wicz, 1937) are entirely lacking in man alone of all the mammals. More- 
over, the differentiation of the pellage into long, stiff guard hairs and 
shorter dense under hair or wool, common especially in other than trop- 
ical forms, is at best only barely indicated in the human species. On 
the other hand there are few animals that show such sharp and abrupt 
contrasts in development of the hair on contiguous regions of the body, a | 
fact which in itself suggests interesting problems in morphogenesis and 
the control of function. The general characteristics and conventional 
designations of different types of human hair may be found in textbooks 
of anatomy and in smaller special treatises (e.g., Danforth, 1925). 

Interest in the hair may be directed toward its regional differentia- 
tions and morphology, toward the chemical and physical properties of 
the shaft, or toward the activity of follicles themselves. In this brief 
survey these aspects of the subject will be considered in this order, 
although it is of course apparent that all phases of the subject are mu- 
tually inter-related. 

SEXUAL AND INDIVIDUAL DIFFERENCES IN REGIONAL DEVELOPMENT OF 
HAIR. Asina number of other mammals and many birds, whose feath- 
ers may be regarded as partially homologous with hairs, the cutaneous 
appendages of man show certain differences in their development in the 
two sexes. For the student of secondary sexual characteristics, hairs of 
the human body may be grouped roughly into three categories: 1, those 
that are essentially the same in all individuals, and apparently unin- 
fluenced by sex hormones; 2, those that are similar in both sexes, but 
dependent on hormones which, so far as the hair is concerned, are ap- 
parently equivalent in the male and female; 3, those in which full 
development is normally limited to one sex. Not all the hairs of the body 
can be quickly assigned to one or another of these categories—many are 
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intermediate—but nevertheless such a grouping serves to bring to the 
fore certain points that are of considerable interest. 

1. Hair that is the same in both sexes. Even before birth considerable 
regional differentiation has taken place in the pilary system, but during 
childhood the hair of the two sexes appears to be similar. During 
adolescence, maturity, and on into the later decades of life some of the 

_ successive hairs which appear in various regions undergo progressive 
change (Trotter, 1922), while other hairs in the same regions show, so 
far as has been ascertained, no change in type from childhood to old 
age. The latter, exemplified by the hair of the forehead, that of the 
infra-orbital region and indeed by the vellus! of the whole body, may be 
classed as hair uninfluenced by sex. Aside from the vellus there is a 
probably other hair which is little if at all affected by sex hormones, . 
but for the most part the evidence is not wholly satisfactory. To es- | 
tablish full status in this category no differences should be found in 
hairs from male, female, hypogonadic and castrate individuals. 

2. Hair that behaves as an ambosexual character. The term ambo- 
sexual has been employed by Champy (1935) to designate those traits, 
especially common in birds, which require a gonadal hormone for their 
full manifestation but which can be activated by hormones of either a 
the male or the female. Such traits are absent or underdeveloped in q 
castrate individuals, present and similar, but not necessarily identical, 
in normal males and females. The hair of the axillary and pubic re- 
gions falls within this definition (Tandler and Grosz, 1910) and may 
therefore be characterized as an ambosexual feature. Much of the 
other terminal hair which tends to be present in both sexes may prob- 
ably be appropriately assigned to this category, but the mere existence 
of a difference between castrate and normal individuals of the same and 
opposite sex need not in itself be adequate proof that a trait is of an a 
ambosexual nature. 

3. Hair that serves as a true secondary sexual character. The beard is a . 
typical secondary sexual trait since it is normally present in men, ab- 
sent in women and deficient or absent in individuals who have been ge 
agonadic from an early age. This does not necessarily imply that its ft 


' For the fine hair of the human body which seems to be roughly homologous 
with wool, fur or under hair of various mammals, and which is commonly desig- gs 
nated as wool, down, ‘‘lanugo”’ or fuzz, the writer some years ago introduced the gg 
term vellus. Despite its original meaning (Latin, fleece) it was hoped that this 
word might carry a definite connotation in the field of trichology. The term, 
which has not come into general use, is being given one more chance. 
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growth is conditioned directly by testicular secretion. Less clearly 
in this same category is the terminal hair of the chest, abdomen and 
shoulders. The size of individual hairs from the head may also be a 
secondary sexual character since Bernstein and Robinson (1927) be- 
lieve that for a unit of length the weight averages greater in the male by 
some 18 per cent. Morphologically the difference between ambosexual 
and secondary sexual traits is obviously only one of degree. 

4. Discussion of hair development in relation to sex. Until quite re- 
cently there has been a strong tendency to ascribe differences between 
the sexes to the influence of endocrine factor. Results of the earlier 
studies with ovarian hormones are largely responsible for this attitude, 
which is critically considered by Domm (1939). But the more recent 
results, even with birds, make it appear that the constitution of the 
crucial cells is, if anything, more important than the hormones which 
these cells may need, and often utilize, in realizing their potentialities. 
Among birds sexual differences in plumage are in some species wholly 
independent of sex hormones, in other species somewhat influenced by 
them, and in still others almost entirely dependent on one or more 
hormonal factors for their expression. The recent literature in this 
field is briefly reviewed by Danforth (1939). It is rather more difficult 
to get unequivocal evidence on the factors regulating the growth of 
hair. Nevertheless, it is clear that by proper selection hair follicles 
can be found showing an almost complete range of hormonal dependence 
and independence. That is, if the entire humoral complex of the male 
is considered as one factor and that of the female as another, there is 
good evidence that some hair follicles are uninfluenced by the difference 
between these factors, that the output of other follicles is affected to a 
slight, and that of still others to a marked degree by this differential. 
In each case it is apparently the constitution of the individual follicle 
which determines whether or not the humoral resources available to all 
the follicles will be utilized by this particular one in the development of a 
sex difference. 

With respect to this aspect of the question we are confronted with 
two sets of problems. The one is to determine the constitutional pe- 
culiarities of the different classes of follicles and, if possible, how they 
are evolved in each individual, and the other is to determine the hu- 
moral components which individual follicles utilize or to which they are 
responsively ‘“keyed.’”’ Unfortunately, satisfactory information in 
both of these directions is meager. As indicated above, certain in- 
dividual hairs, or their follicles, fall into recognized categories and 
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behave in regular fashion. But two neighboring follicles may behave 
quite differently while those at some distance frequently show consider- 
erable conformity. It may be surmised that the reason why two ap- 
parently similar follicles both produce vellus hairs for eighteen or twenty 
years whereupon one begins to produce terminal hair while the other 
continues producing vellus to the end, or why two neighboring follicles 
produce normal supercilia for thirty or more years after which the 
product of one only becomes changed, is in some way dependent on 
differential qualities imparted to the respective follicles at the time of 
their organization. So far as the writer is aware there is no direct evi- 
dence in support of this view, but there is ample evidence that something 
of the sort is true of feather follicles, and one cannot follow over a period 
of years the small, often microscopic, irregularities and blemishes in an 
area of human skin without being impressed by the high degree of auton- 
omy shown by groups of epithelial cells. Finally, it is important to 
recognize that there are marked hereditary and racial differences be- 
tween homologous follicles of different individuals. 

Analysis of humoral factors in hair development is in a scarcely more 
satisfactory state than that of the constitutional factors. There is an 
immense amount of clinical data which seems to be more or less sig- 
nificant in this connection, but in the nature of the case such data are 
usually not well controlled. One item stands out rather above the 
others, an impressive association between tumors of the suprarenal 
cortex in children and precocious and extensive development of the 
pilary system, especially its ambosexual and secondary sexual compo- 
nents. The picture is usually complicated by a general sexual precocity 
which leaves the relations somewhat obscure. It has been suggested 
that the, possibly abnormal, secretion of the affected cortex directly 
stimulates the hair; that the suprarenal effect is upon the gonads which 
in turn stimulate the hair; and that some more complicated hormonal 
imbalance is responsible for the observed phenomenon. Next to the 
suprarenals (at least the diseased suprarenals) the testes, and then per- 
haps the thyroid and ovaries, show evidence of a more or less direct 
relation to hair growth in some specialized areas, but it is probably 
correct to say that we really have no satisfactory information on the 
relation of any of the endocrines to hair growth in man. ‘The literature 
in this field is indeed extensive, and many of the clinical contributions 
contain data that undoubtedly will be of much value in a final analysis 
of the réle of endocrines in hair production, but to attempt such an 
analysis at this time would seem to be definitely premature. 
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In the light of such knowledge as we have, it cannot be emphasized too 
strongly that the pilary system taken as a whole is ill adapted for an 
analysis of specific hormonal effects and that, even when the tests are 
limited to a particular type of hair, marked individual differences are 
to be expected. For example in eunuchs castrated in early childhood, 
hair of an ambosexual character may be entirely lacking or show a sparse 
or even moderate development (Wagenseil, 1927). Those follicles 
which produce hair which may properly be considered as of a secondary 
sexual character apparently are, as might be expected, most sensitive 
to different levels of gonadal, especially testicular, hormones while am- 
bosexual hair, although responding quickly to the presence of appro- 
priate hormones, is possibly somewhat less sensitive to their absence. 
These inferences are drawn from the earlier observations on eunuchs and 
on scattered and fragmentary data in clinical and experimental papers 
appearing during the last few years, especially since the introduction 
of testosterone, androsterone and their variants. 

Whether or not there is a true hormonal antagonism with reference 
to any part of the pilary system is an open question. Certainly the 
evidence in favor of it is not extensive, but the old idea that testicular 
and ovarian secretions have opposite effects on the capillus seems to 
have some support despite the fact that baldness and probably “thin- 
ning” of the hair in males is due in part to a sex-linked gene (Osborn, 
1916; Snyder and Yingling, 1935). 

The autonomy of the skin and hair follicles in different regions of the 
human body is apparently of the same order as the autonomy of skin 
and feather follicles in birds and, by inadvertence, may sometimes be 
tested in the same way. Occasional cases occur in which full-thickness 
autoplastic skin grafts made in childhood ultimately develop, in an 
entirely new site, the type of hair appropriate to the region from which 
the graft was taken. In birds it is indicated by experiment, and in man 
by inferences, that strictly comparable follicles (e.g., those of facial 
hairs of Semitic and Mongolian subjects), may or may not respond to a 
given humoral complex depending entirely upon the genotypes in- 
volved. In other words, different parts of the same body and the same 
parts of different bodies diverge from each other in much the same way. 
That these racial differences in response are primarily constitutional, 
having arisen by differentiation during development, now seems much 
more probable than that they are due to different endocrine levels as was 
formerly suggested by Sir Arthur Keith. For any given individual it 
seems likely that all of the follicles have about equal chances at all the 
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hormones in the circulation, and that the contribution of the hormone to 
follicular function is in each case determined by some kind of selective 
action on the part of the follicle itself. 

PROPERTIES OF THE HAIR SHAFT. In most members of most races the 
product of a typical hair follicle is an elongated slender ribbon which 
might be compared roughly to an attenuated scale having an upper and 
lower surface, a medial and lateral side. The “hair-slopes’’ are such, 
however, that the sides of some of the hair shafts may fall in almost any 
plane. Divergence in the direction of contiguous hair slopes gives rise 
to “natural parting” of the hair or to “crests” or whorls (Kidd, 1903), 
such for example as are commonly seen at the vertex, on the side of the 
head, on the forehead and the median part of the (usually left) eyebrow 
(Bolk, 1924; Upham and Landauer, 1935). It is interesting that the 
arrangement and direction of the whorls appear to be inherited in 
regular Mendelian fashion (Schwarzburg, 1927), which sets another 
problem in the physiology of development. 

1. Curling and twisting of the shaft. While most hairs are flattened to 
a degree not often suspected by those unaccustomed to examining them 
in a rotator, there are some terminal hairs which are practically circular 
in cross section so that the index : approaches or 

greater diameter 
even equals 100. For example, in samples of capillus hair from In- 
dians or Chinese, the range in index often runs from somewhere in the 
60’s to approximately 100 (Woodbury and Woodbury, 1932). Whether 
the hair index ever exceeds 100, i.e., whether some hairs are thicker than 
they are wide, would be difficult to determine. 

It is probably just to say that after 85 years (since Peter Browne, 
1853) of insistence on the anthropological importance of the cross-sec- 
tional form of hair, we are still far from a satisfactory knowledge of the 
subject. It is commonly stated that hair with a circular cross section 
is straight while that with a cross section which is oval in outline is 
curly. Indeed a recent study of Indian hair (the Woodburys’) classi- 
fies a number of tribes into curly, wavy, and straight haired groups, 
not apparently on the actual appearance of the hair but on its index; 
50-75 being curly, 75-80 wavy, and 80-100 straight. But there would 
seem to be no reason why a shaft that is uniform in structure should 
curl merely because its cross section is elliptical in outline; and it fre- 
quently does not. If, however, the upper and lower sides of the shaft 
were of different density, or if the transverse axis did not bisect the 
vertical, a differential would be provided which might be expected to 
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readily induce curling. While many curly hairs clearly do show a 
kidney shaped cross-sectional outline, or one in which the shorter axis 
of an imperfect ellipse is not bisected by the longer, there are others in 
which any eccentricity in the form of the cross section is not apparent, 
and in such hairs it is possible that the differential is purely in the den- 
sity of cornification. That hairs with very diverse cross-sectional form 
may or may not curl is shown by the studies of Kneberg (1935). 
Straight hairs can readily be made to curl, at least temporarily, by 
drawing them between the nail of the index finger and ball of the thumb 
in such a manner as to compress one side more than the other. If in 
performing this experiment the pressure is successfully graduated, the 
artificially deformed hair will often coil in the form of a watch spring. 
Done under proper conditions of heat and moisture, the deformation 
becomes fixed, a fact which is utilized in producing a ‘‘permanent wave.”’ 
When the pressure exerted is constant over a considerable stretch of 
shaft, the curvature tends to have a constant radius so that the hair is 
forced to coil in the form of a spiral. This is the usual form assumed 
by curly or wavy hair, the particular grade depending on the radius of 
curvature. An occasional hair will naturally take the watch spring 
form if moistened and allowed to dry in the absence of external deform- 
ing agents. Generally, however, various factors, such as combing, 
tend not only to draw the coil out like a corkscrew, but also to twist 
the hair on its own axis so that the shaft comes to spiral alternately 
to the right and the left. Kettler (1932) is of the opinion that while 
curling may be an intrinsic property of the hair shaft, the twisting of 
the shaft on its own axis is purely fortuitous. The latter contention 
is probably correct for a certain number of cases, but there still remains 
the probability that there is also an inherited tendency to twisting. 
This would seem the more probable since there are racial differences in 
the form of this twisting. The frequency of twists in the shaft is an 
important factor in determining the quality of the hair as observed en 
masse. When such twisting of the shaft occurs in head hair it tends to 
be more or less uniform with a very gradual rotation of the axis, but in 
pubic and axillary hair the turns are abrupt, giving an effect of crisp- 
ness. The causation of this twisting of the shaft may still be regarded 
as an open question. That a natural curl or wave in the hair is geneti- 
cally determined has been fairly well established. Kettler (1932) from 
the study of 100 families was led to conclude that among Europeans 
curly, wavy, straight correspond to the three possible combinations of a 
single pair of genes, wavy representing the heterozygous condition. 
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2. Pigmentation. Extensive work on the chemistry and morphology 
of hair pigments in laboratory and domestic mammals (e.g., Bloch, 
1927) has unfortunately not been paralleled in studies on human hair 
(cf. Conitzer, 1931). In man as in many other forms both diffuse and 
granular pigments occur. The former apparently account for all tones 
of red, while the latter give the various shades of brown which at their 
greatest intensity pass for black. On genetic grounds there is evidence 
that glossy black hair carries both diffuse and granular pigment which 
may be inherited separately, but the genesis and cytology of these pig- 
ments have not been adequately studied. Interesting preliminary ob- 
servations on the distribution and grouping of pigment granules in 
human hair were reported by Hausman (1925). Albinism in man seems 
to affect the granular more than the diffuse pigments. Dominant white 
spotting (Holmes and Schofield, 1917) is well known in man, but whether 
it is due to the local production of an antioxidase as claimed by Onslow 
(1917) for the rabbit is unknown. The degree to which light and heat 
influence the genesis of pigment in the hair follicle does not seem to 
have been adequately studied. Bleaching of the hair under the influ- 
ence of light is a familiar phenomenon. Hairs of the head often show 
gradations between tip and base, and the age of individual hairs on the 
back of the hand, where the cycles are short, can often be estimated by 
the inverse relation between age and intensity of pigmentation. Pig- 
mentation, like other characteristics, shows considerable regional spe- 
cialization. 

3. Chemistry of hair. It does not seem expedient at this time to re- 
view work on the chemical composition of human hair. Various an- 
alyses (e.g., those of Rutherford and Hawk, 1907; E. Voit, 1930) show a 
fair constancy in the proportions of different elements, but with varia- 
tions up to possibly 5 per cent of the mean. These deviations have been 
thought to be associated with age, race and sex, but at times they seem 
to be as great within the groups as between them. In hair from barber 
shops, Vickey and Leavenworth (1929) obtained approximately the 
following figures in per cent for some of the more important amino- 
acids: arginin, 80; lysine, 2.5; histidine, 0.5. Cystin represented about 
16.5 per cent of all amino-acids present. Analyses of hair of animals 
under varying conditions of health’and nutrition are rather extensive. 

It is frequently stated that the hair serves as an important organ of 
excretion. Lead in particular has been supposed to be one of the sub- 
stances that is eliminated through the hair in appreciable amounts, 
but Melnick and Cowgill (1938) from a combination of chemical analysis 
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of human hair and experiments with animals came to the conclusion 
that no excretion of this sort occurs, the apparent increased lead con- 
tent of hair from painters and others being due to contamination with 
lead dust. Since lead that gets into the hair from the air is very diffi- 
cult to remove, except chemically, these authors suggest routine exam- 
ination of hair samples from workers exposed to lead dust as a reliable 
means of determining the degree of hazard to which they are subjected. 
It remains to be seen if the supposed excretion of antimony and arsenic 
will be similarly explained. 

One of the interesting, and probably very significant, developments 
of the last few years is due chiefly to biochemists in the textile industries 
who have attacked the problem of determining the molecular structure 
of protein fibers. Human hair has been used to some extent in these 
studies. On the basis of x-ray examinations it is believed that the kera- 
tin fiber consists of a series of zigzag (polypeptide) chains connected by 
side chains, an arrangement which provides for the type of deformation 
referred to in section 1 above and also accounts both for the normal elas- 
ticity of hair and for the possibility of a ‘“‘set.’”” When deformation 
occurs in the presence of steam, a reorganization is effected with a new 
spacing of the side chains. A few of the papers in this field by Astbury 
and his co-workers are listed in the bibliography. 

4. Physical properties of the hair shaft. Tensile strength of the hair 
shaft is more a matter of physical than physiological interest. The 
pull required to break a hair is almost always greater than that required 
to pull it from its follicle. Basler (1925, 1927) and after him others have 
investigated this matter. Basler’s technique consisted essentially in 
suspending a small pan from the end of a hair in such a way that the 
pull was directed along the axis of its follicle. Then 3-gram weights 
were added until the hair was pulled out. In this laboratory Mr: Eu- 
gene Cronkite replaced the pan by a paper cup of known weight into 
which water from a graduated burette could be run until the hair was 
released from its follicle. This method permits a considerable degree of 
accuracy in the determinations. 

Individual hairs differ considerably in their resistance to pull. For 
hairs of the scalp in seven Europeans, Basler obtained values ranging 
from 25.4 to 36.9 grams, with an average of 31.89 grams. For seven 
Chinese and Japanese the range was from 32 to 53 grams, with an aver- 
age of 48.4grams. In this laboratory a number of white subjects showed 
individual ranges as great as from 12 to 43 grams but the averages found 
by Mr. Cronkite are not very different from those of Basler. The firm- 
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ness of attachment is not the same in all parts of the scalp. As pointed 
out by Basler, if a single head hair will support on the average about 31 
grams, it would take some 2100 of them to support 150 pounds or the 
weight of a medium sized man. This is perhaps 20 per cent of the hairs 
on the scalp. 

In reporting some of the data, the morphology of the hair root and 
bulb seems to have been ignored. When a hair is actively growing the 
proximal part is soft, and on being extracted stretches into a long taper- 
ing thread. A hair in the early part of the resting stage has a dilated 
cornified bulb which does not stretch and which offers considerable re- 
sistance to pull. Toward the end of the resting stage the bulb is freed 
at the base and slowly moves toward the surface offering progressively 
less resistance. With a little magnification these points may be demon- 
strated on the back of the hand where new hairs can be identified by 
their darker (less bleached) coloring. It is noticeably less painful to 
pull out a growing hair than one that has just completed its growth. 

One other aspect of the mechanics of the hair shaft relates more 
properly to the arrector pili muscle which, running from the skin to the 
lower side of the follicle, tends on contraction to straighten or erect the 
hair. In astudy of cutis anserina Beck (1938) employed an ingeniously 
devised apparatus in which the arm of each subject rested in a specially 
prepared cast and the one remaining hair in an area otherwise shaved 
clean was definitely centered with reference to an adjustable wire. 
To this setup was added a time marker which changed its position at 
0.5 second intervals. A camera and a suitable source of light was then 
brought into alignment with the hair and the surrounding area rapidly 
cooled. Films run through the camera showed the hair to rise some- 
what from its more or less horizontal position, due to contraction of the 
muscle on cooling. The time required for maximum erection was found 
to be somewhat variable, apparently from 6 to 12 seconds. The degree 
of erection of the shaft as measured by the angle made with the surface 
of the skin varied from 3° to 9.5°. Beck calculated that in producing 
this grade of “goose flesh” (the maximum ?), the arrector pili muscle 
shortens by about + of its resting length. The contractions show sev- 
eral maxima, or phases, and seem to be tetanic in character. 

CYCLIC ACTIVITY OF HAIR FOLLICLES. 1. The normal cycle. In the 
production and replacement of hair each follicle passes through a suc- 
cession of active and quiescent periods, for which the hair shaft itself 
furnishes a convenient index. Every follicle apparently has its own 
cycle which in terms of percentage deviations from the mean compares 
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favorably with other rhythmic functions. In regions where follicular 
activity has been studied most carefully the cycles are found to be highly 
individual, often differing markedly in follicles separated by only a 
fraction of a millimeter. 

Accurate and detailed information on the characteristics of the 
cycle is not extensive. Trotter (1924) has determined lengths of the 
active and quiescent phases in follicles from a number of regions. 
Pinkus (1924), Bulliard (1923) and some others have also made a limited 
number of fairly definite determinations, while not a few, including 
Friedenthal (1908), have attempted more or less plausible estimates of 
the duration of the cycle in various types of hair. For example, since 
the capillus hair grows about 0.4 mm. a day and normally reaches a 
length of some 65 cm., it has been inferred that there is a period of con- 
tinuous growth lasting about 1600 days (Stéhr, 1903). It is probably 
rarely longer than this. The implication of Griffith (Silver threads 
among the gold, 1933) that if it were not for attrition and barbers the hair 
of elderly people would trail behind them for as much as 35 feet need not 
be considered as other than the pleasantry which was no doubt in- 
tended. The duration of the resting phase in follicles of the scalp has 
not been satisfactorily determined, but it is believed to be short. 

In a general way it appears that follicles that produce the larger and 
longer hairs, show a greater output in a unit of time and are active more 
continuously than follicles which produce shorter hairs. In a series of 
pregnant and post-parturient women Trotter (1935) found that fol- 
licles of the small hairs of the lumbar region had a short growth and 
long rest period, those of the relatively large pubic hairs a growth and 
rest period of approximately equal length, and the still larger perineal 
hairs a growth period slightly in excess of the resting period. A similar 
relation between active and quiescent periods is also noticeable among 
larger and smaller hairs that occur close together within the same region. 

2. Normal fluctuations in the cycle. The literature on the subject 
generally implies that the rate of production is uniform for each follicle 
during the growth period, and measurements taken at intervals and 
plotted against a time scale usually do fall very nearly in a straight line. 
However, frequent and careful measurements show that, at least in 
some types of hair, there is a short period of rather smooth acceleration 
at the beginning of growth and a longer period of somewhat irregular 
retardation at the end. A sample of hairs from the index finger showed 
a lower average rate for the first ten days of their growth than for the 
second. Any such difference in rate is not likely to appear when meas- 
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urements are taken only once or twice a week. Moreover, it is possible 
that there are minor fluctuations occurring irregularly and at short 
intervals throughout the entire period. 

Verification of the latter type of fluctuation, if it exists, is not easy 
because of the difficulty in measuring the exposed shaft of a hair ac- 
curately to within a few hundredths of a millimeter. The measure- 
ments, of course, have to be made under sufficient magnification, and 
this tends to give some optical aberration when a large field is observed, 
as is often the case when the hair is placed flat against the skin under a 
transparent rule or held alongside a scale in the vertical position. 

A further difficulty is presented by the ease with which the portion 
of the shaft beyond the level of the skin can be increased by slight ten- 
sion, or, conversely, the skin at the mouth of the follicle depressed by 
light pressure. The present writer prefers a finely graduated metal 
rule with one end filed on the back to a thin edge. It is desirable to 
have the width of the rule sufficient so that any slight pressure will be 
distributed over a number of millimeters or even a centimeter of skin. 
This sharp edged rule is brought up to the under surface of the hair as 
it emerges from the skin and tilted slightly so that the shaft lies flat 
against the graduations, care being exercised to have the pressure ex- 
erted at each measurement as slight and as constant as possible. The 
accuracy of this method as determined by repeated measurements of 
the same hairs is still not so great as might be desired, but usually falls 
well within 0.1 mm. with occasionally a long series of measurements in 
which there are no deviations. 

Several factors other than uneven growth might be thought of as 
possibly contributing to an appearance of irregularity. Variations in 
the turgidity of the tissues is apparently not important. On one oc- 
casion just after a number of hairs on the finger had been measured the 
subject became the victim of a bee sting which resulted in a sudden rise 
in pulse rate and an appreciable transient edema of the extremities. 
Measurements made before, during and after the edema checked very 
closely. Application of heat and cold to the skin showed a similar 
lack of influence on the length of the exposed part of the hair. Ap- 
parently the follicles generally rise and fall with the skin in which they 
are embedded, without much change in the relative amounts of shaft 
above and below the surface. 

A frequent source of possible error is the loss of the end of a hair 
shaft between measurements. While appreciable wear on the shaft 
is not common except where there is direct and rather regular friction 
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(e.g., a sleeve or bandage playing over the inner malleolus at the wrist), 
the frequency with which the end of a shaft is cut, burned or broken 
off is rather surprising. The occurrence of some of these accidents, 
especially burns, can easily be detected by examining the end of the 
shaft but at times it is difficult, if not impossible, to tell whether a 
sudden apparent retardation is due to an actual slowing or merely to a 
loss of the end of the shaft since the preceding measurement. But 
bearing in mind all these possible disturbing factors, there still seems 
to be ground for suspecting a small degree of irregular fluctuation dur- 
ing the entire growth period. The following increments in tenths of 
millimeters taken at approximately 24 hour intervals from a hair on the 
index finger show a fairly typical set of figures: 1, 2, 5, 0, 6, 2, 3, 3, 4, 3, 
3, —, -, (0.5 mm. in two days), 0, 4, —, 3, 5, 2, 3, 4, 2, -, -, (0.5 mm. in the 
two days), 1, —, —, (0.4 mm. in two days), 1, 4, 5, 0, 3, 0, 0,3, 5, 3, 1, 3, 0. 

Whether or not there is a diurnal fluctuation in the rate of hair 
growth has not been answered satisfactorily. Of 134 pairs of measure- 
ments of growth between 9 a.m. and 9 p.m. and between 9 p.m. and 
9 a.m., the day and night growth were the same in 30 instances. In 
36 cases the day period showed less growth than the night period, and 
in 68 cases the reverse was true. The sum of all the growth during the 
periods from 9 a.m. to 9 p.m. was 56 per cent of the total. 

Seasonal variation in the growth of head hair has been studied to 
some extent by Voit (1930) whose observations are open to the criticism 
that they do not differentiate growth and rest periods, nor take any 
account of individual follicles. The total output of hair as measured 
by weighing, Voit finds to be greater from March to July than from 
August to February. In some personal observations on hairs of the 
hand the average length of cycles was found to be slightly greater from 
October to May than from May to October. These two sets of ob- 
servations, both inadequate, are quite possibly consistent, but more 
precise information is needed. 

Despite minor fluctuation, real or spurious, the picture of the cycle 
as a whole presents a considerable degree of consistent regularity. The 
same follicle over a period of years will frequently show many cycles of 
almost precisely the same length, although there are occasional devia- 
tions of up to 20 per cent of the mean. Unfortunately the literature on 
the subject presents few reports on individual follicles observed over 
more than two or three cycles, an exception being the case of a naevus 
hair on the chest which Pinkus (1924) observed more or less frequently 
for seven years. The writer has unpublished notes on 54 individually 
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identified follicles which he has studied from time to time during the 
past fifteen years. Figure 1 indicates the output of three such follicles 
during two different cycles separated in each case by a ten year inter- 
val. Although these three follicles are from a region on the back of the 
hand where the hair shafts are relatively uniform in size, there is a 
conspicuously closer agreement between curves for the same follicle 


Fig. 1. Curves showing increase in length of the hairs from each of three 
follicles on the index finger of an adult man. In each of the pairs, A, B, and C, 
the solid line corresponds to a hair produced when the subject was at the age of 
forty and the broken line to a hair developed from the same follicle ten years 
later. The six hairs all grew at approximately the same season of the year. 


The scale at the left represents lengths in millimeters, the divisions at the bottom 
correspond to ten day periods. 


functioning at different times than for different follicles functioning at 
the same time. 

On the fingers, where the relative differences in hair size are usually 
greater than on the back of the hand, functional autonomy of the fol- 
licles is even more marked. Figure 2 shows the characteristic rhythmic- 
ities of eight follicles over a period of four years. Three follicles which 
are situated within a circle with a radius of less than 0.5 mm., have main- 
tained their own rhythms during the fifteen years in which they have 
been under observation. The cycles of each of them have fluctuated 
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somewhat, but with no apparent tendency to deviate in the same direc- 
tion at the same time. At any given moment one, two, or all three may 
be either active or quiescent. In this particular group the lengths of the 
respective cycles have been approximately 72, 78, and 125 days. 

8. Attempts at artificial modification of the cycle. In figure 2, times 
when hair shafts were pulled from their follicles are indicated in several 
places. When the hair broke, even deep within the follicle, there was 
no obvious effect on the cycle. But generally, if not always, when the 
hair was completely removed early in the cycle, a short period of rest 
supervened followed by a new and usually normal cycle. No clear 
indication of a subsequent compensation in cycle length was detected, 
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Fig. 2. Variations in lengths of cycles in eight follicles (numbered 1-8) located 
on the index finger and observed over a period of four years. The time scale at 
the bottom represents months, while the lines above are broken into segments 
corresponding to successive cycles in each of the eight follicles. Arrows indicate 
dates at which growing hairs were pulled from their follicles. This series of 
records began and ended in November. Dotted segments of the line correspond 
to periods during which observations were not recorded. 


the interruption of the growth phase seeming, as it were, to establish a 
new base line. 

Carefully conducted attempts to regulate or even modify the cycle by 
indirect means have met with little success. Trotter (1923) was unable 
to detect any stimulation from shaving the hair of different regions or 
from the persistent application of cold cream. The writer failed to 
find any effect on hair follicles of the fingers (where there are some dif- 
ferences associated with sex) following the vigorous application two or 
three times a day for a week of theelin, testosterone propionate, or 
cortical hormone. Hairs cut to facilitate measurements rarely show 
an increased growth during the following hours or day but in my own 
records frequently a slight decrease, which, however, is probably of no 
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statistical significance. The number of hair ‘“restorers’’ or hair ‘“‘stim- 
ulators” that have proved wholly ineffective is very great. Neverthe- 
less despite the highly refractory character of the hair follicle, it is ob- 
viously not entirely immune to either internal or external influences. 
The factors that really can affect the function of the follicle have been 
studied more effectively in lower mammals than in man. In both, 
such fundamental influences as disease, abnormal nutritional states, 
vitamine. and hormonal deficiencies frequently do show an unmistak- 
able influence on the folliclular output, the exact degree and nature of 
the effect often being difficult to evaluate because of the considerable 
lag in response. There seems to be little doubt that in some way ultra 
violet radiation also has a mild effect on the hair follicle. Whether or 
not this accounts for the slight seasonal difference already referred to 
has not been determined. The superficially similar toxic effects of 
thalium on the follicles in man, perhaps colchicine in mammals and 
thyroxin in birds, serve for the present to suggest one possible approach 
to the study of the reactions of hair and feather follicles. 

Summary. Knowledge of the human pilary system is not so ex- 
tensive as its potential importance would warrant. From a physio- 
logical point of view the functioning of individual hair follicles proves 
to be especially interesting. Follicles are found to show a remarkable 
degree of autonomy, which is maintained over long periods and is not 
readily disturbed by external factors. Each follicle has its own individ- 
ual rhythm which is relatively constant and frequently does not syn- 
chronize with the rhythms of neighboring follicles. The general char- 
acteristics and potentialities of the follicle are possibly imparted to it 
during fetal development, at any rate the follicles of certain regions 
show specializations which suggest some form of developmental prede- 
termination. To what extent peculiarities of a secondary sexual or 
aimbosexual nature are conditioned by constitutional, and to what ex- 
tent by hormonal or other humoral factors, is as yet very imperfectly 
understood. The follicles afford especially favorable material for the 
study of physiological rhythmicity and related problems. 
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RESPIRATION IN DIVING MAMMALS 


LAURENCE IRVING 
Edward Martin Biological Laboratory, Swarthmore College, Swarthmore, Pa. 


The diving mammals offer to the physiologist a natural experiment 
which shows how long and by means of what respiratory adjustments a 
mammal can endure asphyxia. The respiratory adjustments which 
allow such endurance to the diver involve organs which in structure and 
operation are qualitatively like those of land animals; but in the divers 
the operation of the typical respiratory devices is quantitatively accen- 
tuated so that the animal as a whole can resist asphyxia. Periods of 
deliberate apnea lasting for ten minutes may be observed in the divers; 
respiratory cardiac arrhythmias may reduce the frequency of the heart 
by fifty per cent for several minutes; large local changes in peripheral 
blood flow and sometimes in arterial pressure indicate the extensive 
peripheral vascular changes which are the principal physiological ad- 
justments for the endurance of asphyxia. 

These conspicuous respiratory reactions of divers are qualitatively 
identical with the brief and inconspicuous adjustments by means of 
which mammals generally attempt physiological compensation for as- 
phyxia. If we consider the quantitative development of some of the 
respiratory faculties of divers, we can make use of their accentuated 
physiological adjustments to clarify some of the obscure but crucial 
problems in mammalian physiology which are involved in the simul- 
taneous control of breathing, cardiac action and the peripheral vascular 
bed during respiratory stress. 

Men can hold their breath voluntarily for about 45 seconds without 
any preliminary deep breathing (Hill, 1912). Three hundred and 
eighteen American aviators examined by Schneider (1930) could hold 
their breath on the average for 68 seconds. Twenty-five men accus- 
tomed to work in diving equipment held their breath on the average for 
91 seconds (Shilling, Hansen and Hawkins, 1934). The preparation 
was to expire deeply once and then inspire. The maximal endurance 
for any individual was two minutes and forty-seven seconds. These 
observations cover a group of men selected for physical ability and 
probably indicate the limits of human endurance of voluntary apnea. 
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Preliminary deep breathing allows for endurance of voluntary apnea 
up to five or six minutes, or in one case to nine minutes (Hill, 1912). 
A group of college students who on the average could hold their breath 
for 68 seconds without preparation, could hold out for from 65 seconds 
to 4 minutes and 20 seconds after 2 minutes of forced breathing (Schnei- 
der, 1930). 

Inhalation of oxygen at least doubles the ability to maintain volun- 
tary apnea (Hill, 1912; Schneider, 1930) after forced breathing. One 
individual held his breath for 15 minutes after forced breathing and 
inhalation of oxygen. When the Japanese swimmers in the Olympic 
games at Los Angeles inhaled oxygen before the races, they conspicu- 
ously excelled the other contestants (Robertson, 1935). These experi- 
ments show that depletion of the initial amount of carbon dioxide and 
increase in the store of oxygen separately or in combination can greatly 
extend the period of holding the breath. Neither form of preparation 
is possible for sudden submersion, whether it is made voluntarily or 
under compulsion. 

The accumulation of carbon dioxide gradually induces disagreeable 
subjective symptoms, while acute deficiency of oxygen suddenly causes 
faintness without preliminary warning sensations if carbon dioxide 
does not accumulate. The interplay of the two conditions upon en- 
durance of asphyxia is perceptible but not easy to evaluate separately. 
The concentration of carbon dioxide which may develop during volun- 
tary apnea is unpleasant but not dangerous; the depletion of oxygen 
to a dangerous degree may scarcely be recognized by the victim. It 
appears that lack of oxygen is a factor against which the mammal has 
little sensory protection and scant reserves. On the other hand, the 
capacity of the body for carbon dioxide is so large that with any reason- 
able opportunity being given to distribute carbon dioxide among the 
buffers of the tissues, such as occurs with an active circulation during 
exercise, the carbon dioxide which accumulates in acute asphyxia is 
probably not the critical check upon the endurance of a determined 
individual. 

Since the time of early records human divers have operated in sponge, 
pearl and shell fisheries without special equipment for respiration. 
Whereas the average human swimmer can submerge for about a minute, 
practiced sponge divers in the East Indies dive for about two minutes 
(Hill, 1912). The average dive in the pearl fisheries lasts 50 to 80 
seconds (Money, 1929). In Japan a community of divers has long 
existed in which the women dive while the men operate the boats. 
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These ‘“‘ama” make from 60 to 90 dives during a day’s work, each dive 
varying in length up to 2} minutes as a limit, and they go as deep as 30 
meters. It is interesting that the “ama” use inflatable glasses to 
relieve pressure on the eyes, and nose clips, and that these aids greatly 
extend their depth range (Teruoka, 1932). 

The practice of diving for many generations has not extended the 
ability of human divers to endure submergence and work for more than 
the two or three minutes which is possible for any trained athlete, and 
the extreme capacity for holding the breath after forced breathing and 
without working is around six minutes. If breathing is stopped with- 
out warning, a man can only hold his breath voluntarily for about a 
minute, and after a few minutes asphyxia is fatal. 

Diving animals seem to have much greater ability to hold their 
breath than man and other land animals, but definite figures are difficult 
to obtain. A series of definite and apparently reliable observations has 
been compiled in table 1. These figures are to be compared with the 
observations upon voluntary apnea of man. The maximal limits of 
endurance could only be determined by forcible submersion in plain 
view. Experiments of this sort are reported in table 2 (Bert, 1870). 
Physiologists hesitate to drown animals for experimentation, although 
it is common practice to get rid of them in this manner. Domesticated 
ducks can survive forcible submersion for 10 or 15 minutes (Bert, 1870). 
A muskrat which had been held under water for nearly 12 minutes, when 
allowed to emerge, immediately dove again in attempting to escape 
(Irving, unpublished). A beaver was held under water repeatedly for 
about six minutes. The beaver’s first struggles caused the apprehen- 
sive observer to remove his hands, and the duration of submergence was 
not near the beaver’s tolerance (Irving and Orr, 1935). 

In substance the observations show that land mammals can without 
preparation endure voluntary apnea for about a minute, while the 
divers can submerge for at least ten times as long. The difference 
apparently places the divers in a different order of capacity for enduring 
asphyxia. The whales show a different order of endurance from the 
small divers; for their endurance apparently ranges around an hour. 
Whether the great endurance of the whales is related to size is not shown. 
The bottle-nosed whale (Hyperoodon rostratus) is ranked among the 
ablest at diving; but since it is 20 or 30 feet long, its size is still quite out- 
of the range of common land mammals. For comparison it would be 
interesting to examine the elephant’s tolerance of asphyxia. Unfor- 
tunately there are no recorded observations on the diving capacity of 
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small porpoises, and so it cannot be suggested whether extreme diving 
capacity is peculiar to whales, or whether it is related to their huge size. 
Among the diving animals ranging in size between the muskrat (600 
grams) and the seal (100 kgm.) there seems to be no relation between 


TABLE 1 
Duration of dives of diving mammals 


TIME REFERENCE 
‘ Allport, 1878, p. 30-31 
Platypus 10 min. Burrell, 1927, p. 152, 156 


Sea elephant (Mirounga angus- 
6 min. 48 sec. | Harnisch, 1937, p. 225 
Harbor seal (Phoca vitulina)...| 15 min. (8-6| Millais, 1906, vol. 1 
min. in zoo) 
Gray seal (Halichoerus grypus).| 15 min. in net | Millais, 1906, vol. 1, p. 288 


Muskrat (Ondatra zibethica)... 12 min. Irving, unpublished 
Beaver (Castor canadensis).... 15 min. Irving and Orr, 1935 
Hippopotamus (Hippopotamus 

50 sec. Parker, 1932, p. 577 
Florida Manatee (Trichechus 

16 min. 20 Parker, 1922, p. 127 

Millais, 1906, vol. III 

ne eden (Physeter macro- 1-1} hours Scammon, 1874, p. 76 

Beddard, 1900, p. 128 
Bottled-nosed whale (Hyper- | 2 hours (1 gs Gray, 1882, p. 726 

oodon rostratus)............. wounded) Millais, 1906 
Bowhead whale (Balaena mysti- 

1 hour 20 min. | Scammon, 1874, p. 56 
Greenland whale.............. 1 hour Beddard, 1900, p. 128 
Common rorqual (Balaena 

49 min. Millais, 1906, III, p. 268 
Blue whale (Balaena sibbaldi). . 50 min. Andrews, 1916 
Finback whale (Balaenoptera 

4 hour Allen, 1916, p. 193 
Fin whale  (Balaenoptera 

20 min. Ommanney, 1932, p. 327 


New Zealand humpbacked 
whale (Megaptera nodosa)...| Not over}hour| Lillie, 1910, I, Pt. 3 


size and endurance. These animals are comparable to man and other 
laboratory mammals in size, but dissimilar in ability to endure apnea. 

The list of diving mammals is not complete and probably should con- 
tain representatives from every mammalian order excepting the Eden- 
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tates, Chiroptera and Primates (Howell, 1930). Although they are 
phylogenetically diverse, the divers are alike in respiratory ability. 
This ability is distinct from that of man and land mammals, and it is 
not acquired by several generations of practice. Nevertheless, the 
appearance of diving ability in such different orders of mammals sug- 
gests that certain fundamental characters of respiration have been 
highly developed in the divers. On account of the various phylogenies 
of the divers it is probable that the traces or bases for these developments 
exist among the respiratory adjustments of all mammals and give to 
the land mammals the relatively small resistance to asphyxia which they 
possess. Although small, this endurance nevertheless determines 
their respiratory habits and is critical for their survival. 

We can take man as the type of terrestrial mammal because the 
human physiological dimensions are well known and we can examine the 


TABLE 2* 
Endurance of forced submersion 
(Average time to last movement) 
Water rat (Arsciola amphibius) 2 min. 17 sec. 


* Bert, P. 1870 Physiologie de la Respiration. 


details which would count in giving capacity for enduring asphyxia, 
considering that the store of oxygen is the essential factor. The aver- 
age man of 70 kgm. would then contain the following quantities of oxy- 
gen: 

In the lungs—about 6 liters containing about 15 per cent Oz, 900 ml. 

In the blood—10 per cent of the body’s volume containing not over 18 
ml O, per 100 ml. blood, 1160 ml. 

In the tissue fluids—70 per cent of the body containing 0.005 per cent 
O2 if saturated in air, 245 ml. This quantity can be no larger and may 
actually be very much less. The sum of these stores, which make the 
greatest possible allowance for oxygen capacity, is about 2300 ml. 

The metabolism of a 70 kgm. man would require about 200 ml Oz per 
minute under basal conditions, or in 11 minutes of basal metabolism 
the store of oxygen would be utterly consumed. Under practical con- 
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ditions, the metabolic use of oxygen during apnea even at rest would be 
about 50 per cent greater than basal, and a reduction of the reserves of 
oxygen below 50 per cent cannot be voluntarily tolerated. The limit 
for voluntary apnea would then be about 4 minutes, which is about the 
duration possible after forced breathing. The tolerance of apnea con- 
forms with the supply of oxygen, but the influence of other factors is 
not excluded by the agreement of these figures. 

Tolerance of asphyxia by humans is not necessarily typical of mam- 
mals, but the dimensions of the various factors involved in metabolism 
of man are well known, and other less well known mammals can be 
judged by comparison. It is clear that the diving mammals, which can 
hold out for about ten times as long as man, are quite distinct from 
land animals. 

This difference might depend upon a smaller requirement of oxygen 
than that for man. The consumption of oxygen of young resting seals 
was found to be 96 kgm. cal/sq.m./hr., which was larger than for a 
child of corresponding age (Irving et al., 1935b). The oxygen require- 
ment of other diving animals has not been determined, but there is no 
reason to believe that the basal requirement of divers would be smaller 
than usual. 

Since the energy expenditure of mammals varies according to the 
surface, or the } or ¢ power of the weight, while the lung volume varies 
with the weight, large size gives relative to metabolism a greater op- 
portunity for storage of oxygen, which would figure out as about 2800 
liters of oxygen in the lungs of a blue whale weighing 122,000 kgm. 
This store would suffice for 53 minutes at the calculated expenditure of 
energy necessary to swim at 3 knots (Krogh, 1934). Since experimen- 
tation with whales is not practical, these calculations indicate how ex- 
trapolation to the size of a whale suggests ability which is quite out of 
the range of animals of ordinary size. Among the smaller divers the 
muskrat, weighing 600 grams, endured 12 minutes’ forced submersion 
in the laboratory (p. 114), ducks (2 kgm.) withstand about 15 minutes 
(Bert, 1870) and the only precise report on a seal (100 kgm.) is about 
15 minutes (table 1). The influence of size may be effective in diving 
ability, but it is not apparent among smaller divers. The whales are 
credited with the greatest diving power of all mammals, but there are 
no records of the endurance of small cetaceans which would indicate 
whether the extreme ability of the whales is due to their large size or to 
structural or physiological characters which are peculiar to the order. 

There is no experimental basis for suggesting that diving animals 
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diminish their basal metabolic requirements at will or promptly enough 
in any way to facilitate diving. It was, however, noticed by Paul 
Bert (1870) that ducks relaxed promptly when submerged and waited 
without much movement for some minutes. Land animals on the 
other hand struggle violently as soon as they are forcibly submerged. 
This muscular relaxation is shown by the muskrat (Irving, unpublished) 
and beaver (Irving and Orr, 1935) among mammals. Muscular 
relaxation is a conservational adjustment of these and probably of 
all divers which avoids wasting the oxygen supply in useless struggles. 
However, a practiced human diver or athlete by deliberate relaxation 
can only hold his breath for about five minutes after preparatory re- 
breathing. The oxygen requirement is then comparable to that of 
resting metabolism, or is about 30 per cent greater than the basal rate. 
So it seems that the diving animal could avoid waste by relaxation, but 
could not suppress its requirement for energy to make the oxygen store 
pay for fifteen minutes of apnea. The submerged diver is often quite 
active. Activity probably shortens the duration of a dive, for the 
degree of activity in long dives is considerably above the resting level. 

It has been assumed that the reserves of the diving animal would be 
comparable to those of man and other land animals, but the dimensions 
of stored air, blood volume and oxygen capacity might be greater. 
However, the capacity of the lungs is limited by the common design of 
mammals, and there is no appearance of an enlargement of thoracic 
capacity in divers beyond that of active mammals. Examination of 
lungs of beaver, muskrats, ducks and seals without measurement does 
not suggest difference in size from the lungs of cats and dogs (Irving, 
unpublished). Measurement of the air capacity of ducks and chickens 
gave about the same values (Irving, unpublished). The lungs of blue 
whales weigh less proportionally than human lungs, but an estimate of 
capacity corresponds to the proportions of man (Laurie, 1933). 

Paul Bert (1870) secured nearly twice as much blood from ducks as 
from chickens, and the large veins and retia mirabilia of seals, muskrats 
and beaver suggest the presence of a large volume of blood. Scammon 
(1874) said that “‘the quantity of blood (in the sea lion) is supposed to 
be double that contained in an ox, in proportion to its size.’ Blood 
volume determinations on two seals by the dye method showed about 
10 per cent blood in the body (Irving, unpublished). It would seem 
that the blood volume should be carefully determined in diving animals, 
but it does not seem likely that the blood volume or the volume of air 
in the lungs could differ radically from the land mammals. Together 
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the blood and lungs occupy from about 20 per cent of the volume of a 

mammal. To postulate double their volume would destroy the usual 

proportions of a mammal, and would appear inconsistent with general pi 
structural requirements of the mammalian pattern. The diving ani- ~ 
mal has from 5 to 10 times the ability of land mammals for enduring | 
asphyxia, so that while the greatest possible enlargement of oxygen 
capacity could be helpful, it would not be adequate to account for the 
ability of divers (Irving, 1934). 

The blood of diving animals is deeply colored and is suspected of 
having a large capacity for oxygen. In some cases this is true, as 
table 3 shows. The greater oxygen capacity is attributable to increased 
concentration of corpuscles and to a rather large capacity of the cor- 


TABLE 3 
Oxygen capacity of blood in equilibrium with air 
ANIMAL BLOOD CELLS REFERENCE 
ml. 02/100 ml. | ml. 02/100 ml. 

29.3 61.3 Irving et al., 1935a 
16.9 Wastl and Leiner, 1931 
20.7 45.0 Bock et al., 1924 
21.8 Dill et al., 1932 
Sea lion (1)........... 19.8 68.0 Florkin and Redfield, 1931 
Porpoise (1)........... 20.5 57.7 Green and Redfield, 1933 
Porpoise.............. | | 42.5 Sudzuki, 1924 
Beaver (6)............ | 17.7 40.0 Black, unpublished 
Muskrat (3).......... | 25.0 50.0 Black, unpublished 
Blue and finwhales... 14.1 | Laurie, 1933 


puscles themselves. The capacity for oxygen of the corpuscles is about 
a third greater than is usual in land mammals. It would be interesting 
to extend these observations further in order to determine whether the 
oxygen capacity of the corpuscles of the various orders of divers is 
consistently greater. The stress of oxygen want at high altitude or in 
vascular disease may cause concentration of the corpuscles in human 
blood, but a prolonged evolutionary influence would be required to mod- 
ify the concentration of hemoglobin in the corpuscles. 

The shape of the oxygen dissociation curves of the divers is charac- 
teristic of mammals, and the blood of the seal differs from human blood 
‘no more than does the blood of the dog or cat. The same generaliza- 

tion applies to the figures which are given for the transport of carbon 
dioxide. Carbon dioxide capacity and buffering are less in the blood 
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of seals than in human blood and more like the blood of the dog (Irving 
et al., 1935a). In short, if there are peculiarities in respect to transport 
of oxygen and carbon dioxide by the blood, they are such that any 
mammal may show and are not attributable to the habit of diving. One 
might propose that these properties of the blood were established at an 
early period in the paleontological history of mammals when they were 
all confirmed land dwellers. When some mammals subsequently re- 
turned to an aquatic life they took with them the blood of typical land 
mammals, and this blood remained unmodified while many solid struc- 
tures changed radically to conform with the new habitat. A com- 
parison of such stable chemical and physiological properties of animals 
might serve to date their phylogeny better than the solid forms which 
are so plastic. 

The larger oxygen capacity in the blood of some divers facilitates 
oxygen transport and increases the store of oxygen. An increase of 
blood oxygen of 50 per cent with a blood volume of 10 per cent would 
provide about 500 ml. more of oxygen ina mammal the size of man, a 
quantity sufficient for two minutes’ basal metabolism, or about 15 
per cent addition to the reserves. Such a quantity, added to possible 
enlargement of other stores would be helpful to a diver, but would still 
not account for a five or tenfold greater endurance of asphyxia. 

Suggestions have been made that special stores of oxygen exist in the 
tissues of diving animals. This view is reminiscent of Pfliiger’s idea 
that anaerobic metabolism in tissues used oxygen which was somehow 
loosely bound, and should be discarded because anaerobic metabolism 
is now regarded as based primarily upon glycolysis. However, recent 
studies of tissue respiratory systems propose that muscle hemoglobin 
has sufficient capacity for oxygen to constitute a significant store of 
oxygen (Whipple, 1926; Theorell, 1932). Theorell remarked upon the 
large concentration of the pigment in pressed juice from the muscle of 
seals to suggest its significance as a store of oxygen for diving. In dog 
muscle Whipple found about 0.017 gram Fe per kilogram of wet muscle. 
Since muscle hemoglobin has the same oxygen capacity as hemoglobin, 
or 400 ml. of oxygen per gram Fe (Barcroft, 1914), the muscles of a dog 
would contain 6.8 ml. of oxygen per kgm. when saturated with air. 
Theorell’s estimates for the hemoglobin of the dog’s heart indicate a 
similar oxygen capacity. Taking a mammal for reference with dimen- 
sions of a 70 kgm. man, the 50 kgm. of soft tissues, excluding blood, 
would contain with these proportions of muscle hemoglobin capacity 
for 335 ml. of oxygen when saturated. This is about 34 per cent of the 
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oxygen store of the blood, or about 10 per cent of the oxygen store of the 
whole body (p. 116). The affinity of muscle hemoglobin for oxygen is 
such that 90 per cent saturation would occur at 5 mm. pressure of oxygen 
at 20°C. (Hill, 1936). Possibly the muscle hemoglobin of a mammal 
could be nearly saturated at rest, and in that case it would serve an 
appreciable storage function which would be significant, as Hill (1936) 
and Millikan (1936) suggest in tiding over the oxygen requirements of 
the heart from beat to beat. Such a store would, however, be only 
significant as a store for a fraction of a minute, whereas the endurance 
of divers requires provision for a number of minutes. 

If oxidized cytochrome-c could serve as a store of oxygen, it might 
(as calculated from the figures of Keilin and Hartree (1937)) have only 
zo of the capacity of muscle hemoglobin. One could propose that the 
concentration of muscle hemoglobin or cytochrome could be great 
enough in the diving animals to have significance in asphyxia as oxygen 
stores. But the suggestion is based upon a confusion of the respiratory 
significance of these pigments, which modify the kinetics of oxygen 
transport only where small quantities are transported. The respira- 
tory pigments are probably mainly important in divers as in other mam- 
mals in the kinetics of respiratory transport and can scarcely be im- 
portant for storage. 

It has frequently been observed that the fat of the diving animals, 
which is so conspicuous in the blubber of whales and particularly in the 
spermaceti of the sperm whale is related to diving by dissolving a store 
of oxygen on account of the large solubility of gases in fats. Although 
the solubility of oxygen in fat is about five times as great as in water 
(Laurie, 1933) the fat in a whale does not amount to more than one 
third of the water, and the storage of oxygen in fat is as small as in the 
body water. The extra quantity would not be significant for diving. 

The estimated oxygen storage of man is given in table 4 along with a 
second column to indicate the greater capacity which might reasonably 
be attributed to a diving animal of similar dimensions. The estimates 
for man (from p. 116) were large allowances for the greatest possible 
saturation with oxygen. The allowances for a diving animal are about 
as large as seem to be reasonable without doing violence to its plan of 
structure and composition as a mammal. While the sum of the addi- 
tional allowances for divers is significant, it exceeds by only 60 per cent 
the stores of man, and it indicates that it is unlikely that the factor of 
enlarged oxygen storage is responsible for the fact that diving animals 
can submerge for about ten times as long as man. 
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During brief strenuous activity a man derives energy for muscular 
activity from anaerobic reactions. The anaerobic provision of energy 
may be equivalent to that derived from about 20 liters of oxygen (Sar- 
gent, 1926), which is three or four times as much as the stored oxygen. 
The basis for anaerobic muscular metabolism rests in a large measure 
upon glycolysis and formation of lactic acid. The excised muscles of 
seals incubated in NasHPQ, solution form about 8 to 10 mgm. of lactic 
acid per gram (Manery, Welch and Irving, 1935), which is about the 
same as the glycolytic capacity of rabbits’ muscles. The muscles of 
ducks and hens were also found to have similar glycolytic capacities, 
and so there is no indication that the divers excel non-divers in respect 
to maximum possible glycolysis. 


TABLE 4 
Estimated oxygen storage of man 


| POSSIBLE GREATER 
| MAN CAPACITY OF DIVING 
| ANIMAL OF SAME SIZE 
mi. ml. 
Tissue respiratory pigments. ............ 335 670 
| 2,640 4,265 


The amount of lactic acid formed during exercise never reaches the 
limit of total glycolysis but is apparently checked by acidification of 
the tissues (Hill and Kupalov, 1929). With this observation in mind it 
might be proposed that the muscles of divers excel in buffering power and 
are thus able to endure a greater concentration of acid. No direct 
determinations of the buffering capacity of muscles of diving animals 
have been made, but the carbon dioxide content of freshly excised mus- 
cles, which represents buffering capacity, is similar to that of land ani- 
mals in seals and ducks (Manery, Welch and Irving, 1935) and muskrats 
(Irving, unpublished). These observations are few, but they do not 
indicate any difference in the glycolytic capacity of the divers which 
have been examined. It might even be suggested that the anaerobic 
mechanism in muscles is more primitive or more fundamental in mam- 


mals generally than the diving habit which a few members of the class 
have assumed. 
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If the anaerobic process in typical mammalian muscle could decrease 
the utilization of oxygen in the body as a whole it would greatly extend 
the endurance of asphyxia. But amammal can apparently only endure 
apnea as long as some oxygen is available. The anaerobic state in the 
tissues rapidly absorbs oxygen from the blood as long as any is available, 
and so would not prevent the depletion of the oxygen of the circulating 
blood. The characteristic of possessing large reserves for anaerobic 
metabolism is primarily a property of muscle, and far less of other tis- 
sues like brain and heart. | 

The possibility of increased oxygen storage in the blood has already 
been examined, and it was remarked that the greatest possible blood 
volume in divers cannot account for their endurance of asphyxia. A 
large volume of blood is not without importance, for it may increase the 
rapidity of respiratory transport to a significant degree even though its 
storage capacity is not significantly large in relation to the requirements 
of metabolism. 

Whalers and anatomists have remarked upon the large size of the 
veins of diving animals (Hunter, 1787; Houston, 1835; Burow, 1838). 
In particular the vena cava behind the diaphragm is greatly enlarged 
in the sea lion (Murie—see Howell, 1930 p. 322), walrus (Burne, 1909), 
common seal Phoca vitulina (Burne, 1910) and hippopotamus (Gratiolet, 
1860). 

In the diving animals there are frequent ramifications of the arteries 
and plexuses of veins which greatly complicate the vascular paths. 
They occur in many animals (Wislocki, 1928, reviews their occurrence 
and structure), but they are not peculiar to diving animals (Howell, 
1930 p. 323). Ommaney (1932) examined these vascular structures in 
whales. It is not entirely clear whether the anatomical studies of these 
retia mirabilia have demonstrated what interference with or possible 
diversion of the circulation they might involve. It is doubtful whether 
the extra volume of blood which they or the veins contain would con- 
tribute significantly to oxygen storage. On the other hand, if they 
divert or retard the circulation locally, a function which would require 
some measure of specific local control as well, they could effect great 
modification in the kinetics of respiratory transport. An examination 
of the mechanical operation of these “retia mirabilia” is the first pre- 
requisite to indication of their function. 

Another interesting vascular structure has been described in the 
muscular band which surrounds the vena cava at the level of the dia- 
phragm. Gratiolet (1860) observed it in the hippopotamus and pro- 
posed that its constriction served as a sphincter to prevent the engorge- 
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ment of the anterior circulation during asphyxia. Burne has described 
its occurrence in the seal (1910) and walrus (1909) and Paramore (1910) 
has discussed its structure and possible function. ‘The structure is 
reported as a quite distinct muscular band innervated by a separate 
branch of the phrenic nerve. There is no evidence as to how it operates, 
but if the sphincter can shut off the venous return through the vena 
cava, perhaps by damming up the blood in the large abdominal vena 
cava (p. 123) the resultant alteration of the circulation would be quite 
profound. When the posterior vena cava is experimentally constricted 
in ordinary mammals the subsequent vascular adjustments are exten- 
sive and varied, but their purposive relation to diving is still too un- 
certain for speculation until the operation of the sphincter can be 
actually observed. 

These are several peculiarities of the vascular system which suggest 
that its units have not been well enough defined to permit a description 
of its integrated action in respiratory transport. It is noticeable, 
however, that the retia and large veins provide storage capacity which 
could retain a large amount of blood and which might well keep it tem- 
porarily distinct from the blood which is in active circulation. 

The cessation of circulation to any part would affect various tissues 
quite differently. An arm or leg can endure anoxemia for 15 minutes 
or so without much discomfort when a tourniquet is applied, and no 
lasting damage is apparent until after an hour. Nerve fibers are like- 
wise quite resistant, but the brain is extremely sensitive. Total liga- 
tion of the blood supply to the brain of anesthetized cats caused per- 
manent functional and visible histological damage within a few minutes 
(Gildea and Cobb, 1930). Occlusion of the common carotids in man 
promptly causes unconsciousness. Apparently the brain, as a whole 
will not operate at all during true anoxemia, and the oxygen content of 
venous blood returning from the brain rarely falls below 10 vols. per 
cent. The respiratory center, some centers in the cord and some sym- 
pathetic ganglia are quite resistant and will continue to discharge rhyth- 
mical trains of impulses for some 15 minutes and may be revived after 
longer asphyxia (Farber, 1936; Heymans et al., 1933; Bronk et al., 
1938; Bargeton, 1938). The different duration of survival of the parts 
of the nervous system indicates various sensitivity to anoxia, but the 
integrated whole which is necessary to conscious activity is apparently 
much more delicate than some of the components. Heart muscle may 
operate anaerobically much as skeletal muscle (Redfield and Medearis, 
1926), but the heart as a whole is quickly affected by anoxia. Usually 
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it is considered that the interconnection between neurones is sensitive 
to asphyxia, but this is not universally true in view of the survival of 
the centers and ganglia described above. Nerve fibers are quite resist- 
ant to asphyxia, but their peripheral nerve endings are more susceptible 
and can survive in condition suitable for experimental work during only 
a few minutes of asphyxia. 

Newborn mammals will survive prolonged asphyxia which would be 
fatal to the adults (Bert, 1870; Avery and Johlin, 1932; Reiss, 1931; 
Reiss and Haurowitz, 1929). Robert Boyle (1725) remarked that the 
resistance of kittens to asphyxia was significant in their survival of the 
_ difficulty of beginning respiration at birth, a theme which has been sub- 
sequently discussed. We do not know what factors in resistance enable 
the newborn mammal generally to endure asphyxia, but it does not 
seem likely that divers retain in adult life a hardihood which all other 
mammals lose. It seems likely furthermore that the sensitivity of the 
brain to asphyxia is a universal mammalian trait and that any arrange- 
ment which preserves the diver must maintain an oxygen supply for the 
brain and probably for the heart (Irving, 1934). The other tissues are 
less sensitive to asphyxia and also less indispensable to life. . 

The addition of carbon dioxide to the inspired air increases blood 
flow through the brain and reduces the muscular circulation in man 
(Lennox and Gibbs, 1932), cat (Schmidt, 1928), dog (Irving and Welch, 
1935), rabbit, muskrat and beaver (Irving, 1938a). The effect of this 
vascular adjustment would be to preserve the oxygen in the lungs and 
blood mainly for the brain at the expense of the muscles, which are, 
however, quite hardy. For diving animals an adjustment of this sort 
would appear to be very appropriate but it is a question whether the 
concentration of carbon dioxide can be raised to the level necessary to 
effect this vascular reaction before the oxygen supply has been seriously 
depleted. Furthermore the respiration of seals, muskrats and beaver 
is relatively insensitive to carbon dioxide and the reduction of muscular 
blood flow by carbon dioxide does not appear in muskrats and beaver 
(Irving, 1938b). 

It has been reported that when the lungs of beaver are inflated the 
blood flow through the brain is increased while flow through the muscles 
diminishes (Irving, 1937). <A similar redistribution of the circulation 
occurs in muskrats, but is not peculiar to divers; for it appears, although 
less conspicuously, in cats, dogs and rabbits (Irving, 1938a). Arrest 
of breathing by clamping the trachea or by the cessation of artificial 
ventilation of a curarized animal is followed by the same vascular 
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change, and it was suggested that such an adjustment was well arranged 
to preserve for the brain during apnea the major part of the oxygen 
store of the body. This adjustment probably occurs less effectively 
in land animals than in divers, and so it illustrates how a vascular ad- 
justment common to all mammals has perhaps been accentuated in 
divers to provide for their long endurance of apnea. 

The reduction in muscular circulation which follows arrest of breath- 

ing is transmitted over the sympathetic nerves (Irving, 1938a). It re- 
sembles the effect of carbon dioxide, except that it is more rapid in 
appearance and it is conspicuous in beaver and muskrat, animals which 
are not sensitive to carbon dioxide (Irving, 1938b). To allow it defi- 
nitely to be said that this vascular adjustment is the principal or even 
an important physiological adjustment of divers requires more specific 
determination of the method of its control and operation. It remains at 
least an interesting adjustment to which might reasonably be ascribed 
critical importance for diving and for the survival of all mammals during 
apnea. 
' The heart of divers is retarded during apnea (duck—Bert, 1870; 
. Huxley, 1913; cormorant, swan—Paton, 1927; muskrat—Koppanyi and 
Dooley, 1929; seal—Irving et al., 1935b; beaver—Irving and Orr, 1935). 
The retardation may amount to more than 50 per cent of the frequency 
and diminishes the perceptible strength of the beat. The vagus is 
apparently necessary for cardiac retardation, and vagotomized or atro- 
pinized ducks were no better able than chickens to resist asphyxia 
(Richet, 1899). The inhibitory influence of the vagus in ducks is very 
potent, and the heart of an anesthetized duck does not escape from con- 
tinued electrical vagus stimulation (Battelli and Stern, 1908). In man 
the slight cardiac retardation often appears during holding the breath 
(Schneider, 1930). However, one must be cautious in defining the ori- 
gin of respiratory cardiac arrhythmias. A man holding his lungs in- 
flated is subjected to stimuli from pulmonary stretch receptors; the 
diver in apnea without inflation still shows a large cardiac retardation. 
It would seem to be a favorable field in which to investigate among 
divers the exact control of cardiac arrhythmia, for a retardation of 50 
per cent can easily be maintained during apnea for several minutes in a 
conscious and usually docile animal like the seal or beaver. 

Interrupted breathing has been reported to occur in several divers 
naturally even when out of water; hippopotamus (Swindle, 1926) but 
not according to Harnisch (1937); seals (Irving et al., 1935b; Harnisch, 
1937); sea elephants (Harnisch, 1937). The rhythmically interrupted 
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breathing of divers has been compared with Cheyne-Stokes breathing. 
Although the basis of the latter pathological form is not very well 
defined, it is attributed to a condition developing when sensitivity of the 
respiration to carbon dioxide is abnormally diminished by pathological 
depression of the respiratory center. The rhythmical breathing of man 
at high altitudes is dissimilar at least in that it is not the result of path- 
ological central depression, and the rhythmical breathing of seals is 
certainly not pathological. It is pertinent that the breathing of the 
divers, as far as they have been examined, is not easily affected by car- ii 
bon dioxide. Orr and Watson (1913) remarked upon the insensitivity 
of the duck, and the breathing of seals (Irving et al., 1935b), beaver and 
muskrats (Irving, 1938b) is not much increased by the inhalation of 10 
per cent carbon dioxide. In general it is considered that the respiratory 
center of mammals is stimulated by carbon dioxide, while the chemo- 
receptors in the aorta and carotid body are more sensitive to lack of 
oxygen (Comroe and Schmidt, 1938). According to this picture, which 
was suggested to me by Doctor Schmidt, it would be expected that the 
diving animals, which are insensitive to carbon dioxide, regulate their 
respiration mainly through the peripheral chemoreceptors rather than 
through the activity of the center, which is the predominant control in 
non divers. 

It should be remarked upon that the significant factor which is in- 
volved in stimulation by carbon dioxide or lack of oxygen is not im- 
mediately obvious. As an example, we may consider that mammalian 
breathing is not appreciably affected until the oxygen content of the 
alveolar air is reduced to about 12 vol. per cent. Further reduction 
soon leads to asphyxia. Raising alveolar carbon dioxide by only 1 
mm. greatly increases breathing, and rising carbon dioxide tension 
steadily increases ventilation. These effects are illustrated in figure 9 
of Comroe and Schmidt’s (1938) paper, in which it is seen that the 
effectiveness of carbon dioxide in the carotid body upon breathing 
duplicates the gradual rise with pressure of a carbon dioxide dissociation 
curve of blood; the sudden effect of oxygen lack resembles the sudden 
decline of an oxygen dissociation curve. The capacity of the blood for 
oxygen and carbon dioxide is interposed between the alveoli and the 
chemoreceptors, and the eventual pressure of gas in the sensory region 
is modified by the buffering or capacity of the blood. For these reasons, 
at least, it is not possible to say that the insensitivity of the divers to 
carbon dioxide represents immediately a peculiarity of the chemorecep- 
tors, for the pressures which are measured during inhalation are still 
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quite remote from the sensory regions which are stimulated. Capacity 
factors in the system for respiratory transport determine what final 
pressure will exist in the tissues, and these capacity factors are not yet 
known in either the diving or non diving mammals. 

The periodically interrupted breathing of the seal presents a striking 
natural analysis of the physiological components of respiration (Irving 
et al., 1935b; Irving, 1936). Breathing occurs in intermittent groups of 
from 4 to 6 breaths separated by intervals lasting from 20 to 40 seconds. 
As soon as breathing ceases, the heart begins to slow, decreasing in the 
period of three or four beats from a frequency of 70 to 90 to a frequency 
of 35 to 50. Under anesthesia it may also be observed that the mean 
arterial blood pressure regularly rises during apnea at the time when the 
heart slows. The pressure rise is, then, the result of peripheral vaso- 
constriction which must be quite intense in view of the decreased fre- 
quency and amplitude of the heart beat. The peripheral site of the 
vasoconstriction has not yet been determined in the seal, but in the 
beaver and muskrat, whenever breathing ceases, the blood flow through 
the muscles decreases greatly, while flow through the brain increases 
(Irving, 1937, 1938a). This picture of the codrdination of the factors 
in respiration probably indicates that the principal protection of the 
animal as a whole against asphyxia is accomplished by the appropriate 
differentiation of the system of respiratory transport. 

This differentiation is delicately coérdinated in timing and in the pe- 
ripheral field which is covered. It certainly involves changes in blood 
flow through brain and muscles, and probably in the liver (Irving, un- 
published). Periodic breathing provides ideal conditions for the demon- 
stration of the correlation of breathing, cardiac and peripheral vascular 
condition. The opportunity is also presented for estimating the relative 
independence of the central mechanisms which control breathing, the 
heart, and blood flow. At first sight breathing seems to set the pace, 
but there is evidently some physiological distinction between the three 
centers. Administration of carbon dioxide to a seal increased the am- 
plitude of breathing tremendously and frequency slightly. The heart 
was generally retarded, and blood pressure diminished only slightly 
during the pauses in breathing. Breathing stopped spontaneously, and 
changes in the heart and blood flow continued to occur and were not 
entirely suppressed by artificial ventilation. Purposive significance is 
not so apparent. nor interesting in these observations as is the fact that 
the periodic breathing of the seal and its range of cardiac and peripheral 
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vascular changes afford a fine opportunity for analyzing the system of 
respiratory control and integration. 

It was noticed quite early that the submerged diving animal (duck— 
Bert, 1870) relaxes muscular activity. In contrast to the violent strug- 
gling which a land animal makes when suddenly and forcibly immersed 
in water or when prevented in any way from breathing, the diving ani- 
mal accepts the situation with equanimity and waits with muscles 
relaxed for several minutes. It then usually deliberately explores the 
means for escape, and often does not begin violent struggling until five 
or ten minutes have elapsed. This behavior is true for the muskrat 
(Irving, unpublished), beaver (Irving and Orr, 1935) and seal (Irving 
et al., 1935b). It may require conditioning, for Richet (1898) reported 
that ducks raised away from the water would survive their first immer- 
sion for from 5 to 15 minutes, while after training the time was extended 
to from 12 to 17 minutes. | 

The decerebrate duck will still show apnea when the head and neck 
are straightened with beak slightly elevated, and retardation of the 
heart accompanies the apnea (Huxley, 1913). Extirpation of the 
labyrinths decreases the certainty and duration of the apnea, but the 
proprioreceptors of the cervical muscles are evidently essential for apnea 
(Huxley, 1913; Paton, 1913). It seems rather strange that respiratory 
reflexes should be elicited by the stimulation of typical postural pro- 
prioceptors. The association is probably not peculiar to the duck 
among diving animals. Most of the other respiratory adjustments of 
divers are only quantitatively but not qualitatively different from those 
of land animals, and it may be that the influence of proprioceptors upon 
the respiratory center (including cardiac and vasomotor control) is 
based upon a fundamental nervous connection between the two systems. 
There is in fact some experimental evidence for a specific influence of the 
VIlIth nerve upon the circulation of dogs and rabbits (Camis, 1912; 
Spiegel and Démétriades, 1924; Mies, 1936). 

There has been much speculation as to how whales in their deep dives 
escape the danger of caisson disease. One of the most interesting sug- 
gestions was that nitrogen fixing bacteria in the blood of whales could 
remove nitrogen fast enough to assist the whale against danger of cais- 
son disease. The presence of nitrogen fixing bacteria in the blood of 
whales was reported (Laurie, 1933), but such a surprising symbiotic 
relationship can only be considered when it is more clearly demonstrated. 
There is, of course, no experimental data on the subject of caisson dis- 
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ease in whales but whales are not known to suffer in this way, and in 
fact, it seems unlikely that they would, because they do not rebreathe 
air in a caisson (Howell, 1930; Irving, 1935). Four atmospheres’ pres- 
sure would force all of the nitrogen in whales’ lungs into solution in 
tissues. The quantity dissolved would be about three times greater 
than a human diver is supposed to tolerate for immediate decompression. 
The whale, however, swims gradually and not instantly down and up, 
and its activity favors the elimination at the same rate as the solution 
occurred during the dive. Any considerable excess of the rate of solu- 
tion of nitrogen over the rate of its escape during repeated diving would 
gradually cause the whale’s tissues to become charged with nitrogen; 
but there is no evidence that the disparity occurs. 

There are doubtless other factors than those mentioned which are 
concerned with the endurance of asphyxia, but the essential physiology 
seems clear. The storage of oxygen is inadequate to provide for its 
indiscriminate use by all of the tissues. No shift of metabolism can 
compensate for the lack of oxygen, but differential control of the dis- 
tribution of oxygen might reasonably serve to maintain the brain, al- 
lowing the less sensitive tissues or those with fair capacity for anaerobic 
metabolism to do without oxygen. Effective control of the circulation 
does reduce blood flow through the muscles and increase the flow through 
the brain. Incidental control of the heart and the suppression of super- 
fluous muscular activity assists the effectiveness of the adjustments. 

Taken together, these physiological functions could reasonably pro- 
vide the resistance to asphyxia which divers show. In the smaller 
degree of their appearance in all mammals, the adjustment of respiration 
determines their lesser endurance of asphyxia, and although the time is 
shorter, it is nevertheless of critical importance. 

It is interesting that the principal physiological adjustments of divers 
differ only quantitatively from those of land mammals. Physiological 
characters are often considered to be quite plastic toward environmental 
influences, while anatomical structures are said to be fixed. But the 
principal respiratory functions of the mammals persist without essential 
alteration after the long stress of aquatic life. It is only in a quantita- 
tive way that conservational adjustments have become accentuated. 

The accentuation of certain fundamental physiological traits in the 
divers provides a valuable set of natural experiments in the physiology 
of respiration. . Particularly in the control of respiration, the diving 
animals demonstrate clear signs of central activity which are indistinct 
in other animals, but which in the divers should provide the opportunity 
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for finer analysis than could possibly result from the consideration of 
land animals alone. 
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